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ABSTRACT
Thermochemical Conversion of Biomass: Detailed Gasification
and Near-Burner Cofiring Measurements
Jacob B. Beutler
Department of Chemical Engineering, BYU
Doctor of Philosophy
An increasing emphasis on mitigating global climate change (global warming) over the
last few decades has created interest in a broad range of sustainable or alternative energy systems
to replace fossil fuel combustion. Biomass, when harvested responsibly, is a renewable fuel with
many uses in replacing fossil fuels. Cofiring biomass with coal in traditional large-scale coal
power plants represents one of the lowest risk, least costly, near-term methods of CO2 mitigation.
Simultaneously, it is one of the most efficient and inexpensive uses of biomass. Alternatively,
biomass can be transformed into useful products through gasification to produce clean syngas for
highly efficient gas turbines, or feedstock to produce light gases, fuels, chemicals or other
products.
A large portion of this investigation focused on the effect of cofiring biomass on the near
burner region of a commercial coal flame. This research included first-of-their-kind field
measurements of flame structure and particle properties in front of a full-scale burner fired with
biomass and coal, including measurements of particle size and composition, gas velocity,
composition, and temperature in the near-burner region of multiple cofired flames in a 350 MWe
full-scale power plant in Studstrup, Denmark.
A novel sampling and analysis technique was developed enabling the estimation of the
fraction of biomass in the flow as a function of position and the burnout of biomass and coal
particles separately. These data show that biomass particles do not follow gas stream lines to the
same extent that coal particles do. This is consistent with the larger sizes, slower heating and
reaction rates, and higher momentum of biomass particles.
This research also includes first-of-their-kind single particle continuous measurements of
particle mass, surface and internal temperature, size, shape, during biomass pyrolysis and
gasification. The single particle measurements provided among the most highly resolved and
repeatable biomass gasification results reported to date for wood, switchgrass and corn stover.
All three samples showed greater gasification reactivity to H2O than to CO2. The experiments
included results in both reactants individually and combined. One of the most important findings
of this work was the experimental confirmation that as the char particles gasify, their ash
fractions increase and reaction rates decrease on both an intrinsic and external surface area basis.
The analyses in this work show that this decrease in burnout quantitatively corresponds to the
change in the predicted fraction of the surface that is ash and does not reflect any change in
organic reactivity. Reaction rate parameters suitable for relatively simple power-law models
based on external surface area describe all the data reasonably well.
Keywords: cofire, biomass, straw, sawdust, coal, thermal conversion, combustion, gasification
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INTRODUCTION

This research addresses issues associated with biomass utilization in both the power and
chemical feedstock/fuel industries. Biomass can generally substitute for coal in part or in whole
in most processes. Both solid fuels (coal and biomass) form ash during conversion and require
processing approaches that share many similarities. However, the very low energy density,
generally higher production costs, more distributed nature, and commonly less efficient
processing commonly combine to make biomass a less economical and efficient process with
greater logistics issues than an equivalent coal-based process. Nevertheless, biomass is the
largest single primary energy contributor to renewable energies, by a significant margin, and one
of the few renewable energy technologies that can and does produce both power and chemicals
or fuels. It is also dispatchable, widely available, and can be nearly green-house gas neutral if
properly managed. Biomass is often the fuel of choice in underdeveloped economies and
supplies the energy needs for a greater number of people on earth than any other fuel. Developed
economies use biomass for many objectives, including supporting agricultural and forest product
industries or better utilizing waste. However, climate change mitigation ranks among the largest
drivers for biomass utilization in developed economies, and this discussion begins with this topic.
An increasing emphasis on mitigating global climate change (global warming) over the last
few decades has created interest in a broad range of sustainable or alternative energy systems to
replace fossil fuel combustion. Most other regulated emissions affect local or regional health,

1

environment, or both. By contrast, the reported deleterious effects from CO2 emissions impact
the climate globally and the only realistic path to reducing such emissions requires global
cooperation at a nearly unprecedented level. The US contributions to these emissions are large
on a per capita and total basis, but they are more typical of many developed countries when
normalized by GDP. The US is not the largest emitter in total or per person, though the US does
standout on both bases as among the highest emitters. The complexity of the global CO2
emissions trends and policies would require a long and complicated discussion, so this discussion
focuses on the US while acknowledging the global nature of the issue and the associated need for
a globally coordinated response.
Approximately 83% of the total energy consumed in the United States comes from fossil
fuel combustion (DOE/EIA, August 2016). Fossil fuel combustion releases criteria pollutants,
mercury and heavy metals, and greenhouse gases into the atmosphere. Criteria pollutants include
particulate matter (PM), CO, ozone, lead, and oxides of sulfur (SOx) and of nitrogen (NOx), each
of which has long-standing and periodically reviewed national ambient air quality standards and
control technologies authorized by the Clean Air Act and its several amendments and
administered by the US EPA. Technology innovations and fuel switching have dramatically
reduced criteria pollutant emissions and exposures in the U.S since the implementation of the
Clean Air Act of 1970. From 1970 to 2014, aggregate national emissions of the six common
pollutants decreased by an average of 69% while the population, gross domestic product, use of
automobiles and most other primary drivers of energy consumption doubled or tripled
(Environmental Protection Agency, 2016). This dramatic reduction in pollutant emissions
occurred simultaneously with large increases in energy and energy product demand and
represents one of the most impressive, if unsung, accomplishments of the US energy industry

2

and regulatory bodies. Both technology and regulation involved dynamic, innovative, and
multifaceted advances, often in acrimonious and confrontational relationships.
Reducing greenhouse gas emissions, particularly CO2, requires a different approach than
that applied to criteria pollutants and represents a challenge far greater than the incredible
success with criteria pollutants. Criteria pollutants generally arise from fuel contaminants or
chemical reactions that make no significant contribution to the main goal of an energy
technology. By stark contrast, the primary objective of fossil-fuel-based energy systems
inescapably involves CO2 and H2O generation. Until recent years, the main decrease in
greenhouse gas emissions stemmed from modest improvements in combustion efficiency, and
consequently less fuel consumption per unit of power produced or mile traveled.
The EPA has worked together with the National Highway and Traffic Safety
Administration (NHTSA) to decrease greenhouse gas emissions from mobile sources. In 2011,
they set greenhouse gas and fuel economy standards for passenger vehicles in model years 20122025 which reduced America’s oil consumption by 12 billion barrels and reduced greenhouse
gas emissions by 6 billion metric tons over this period. Similar standards for heavy-duty trucks
and buses were issued in August 2011 (U.S. Environmental Protection Agency, 2012).
In January 2011, states and the EPA started Clean Air Act permitting of greenhouse gas
pollution from the largest new and modified stationary sources. The criteria pollutants have
direct and broadly accepted and established impacts on human health in addition to
environmental impacts. In contrast, many people question the effects of CO2, which has
engendered an emotional and often partisan debate in the public and the legislature. States and
other entities questioned the wisdom and authority of EPA regulation of CO2, including court
challenges. Ultimately, the courts found that the Clean Air Act authorized the EPA to regulate
3

CO2 if it is a health or an environmental hazard and, separately, that the health and
environmental threat of CO2 was well established.
In August 2015, President Obama and the EPA unveiled the Clean Power Plan setting CO2
emission guidelines from electric power generation for each state or air quality district, with
provisions for states connected by regional. Implementation of this plan was stayed by the U.S.
Supreme Court pending judicial review. Before this review concluded, the 2016 presidential
election dramatically changed the priorities of climate change mitigation, and the EPA and
administration have since started the process to repeal the Clean Power Plan and removed the US
from international agreements with similar goals, most notably the Paris Accord. The Paris
Accord called on each signatory nation to reduce CO2 emissions by differing amounts depending
on the maturity and level of their development and economies. The US agreed to 26-28% CO2
emission reduction from 2005 levels by 2025. Many individual states and municipalities
responded to the moves by the EPA by adapting state- or municipal-level climate change policies.
For example, the US Climate Alliance is a group of US states and territories committed to meet
the Paris Accord targets and exceed the Clean Power Plan requirements. The signatories to this
agreement include states that account for 41% of the US population and 46% of the US GDP, but
only 26% of the US CO2 emissions. The issues around climate change mitigation policies in the
US remain fraught with uncertainty, but technology development continues (Environmental
Protection Agency, 2016).
Quite independent of the legislative issues, energy markets in the US have accelerated
retirement of many of the smaller, less-efficient, coal plants in favor of more efficient and costeffective natural gas plants. Over 500 coal units with a combined 55.6 GW of capacity retired
across the U.S. from 2007 to 2016 (Marcacci, 2017). These shut-downs result both from
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switching to natural-gas-fired units and increasing renewable energy production. The fraction of
US power supplied by coal has dropped substantially, but coal still supplies more power on an
annual basis that all renewables combined. However, during a few months in each year since
2016, primary energy consumption from renewable sources exceeded that from coal (Figure 1.1).
Combustion of natural gas produces only 50-60% of the CO2 produced from coal for an
equivalent amount of energy produced. Though it is an improvement over coal, natural gas also
produces relatively high CO2 when compared to renewable sources.

Figure 1.1. Monthly Primary Energy Consumption in the US by Source from the US EIA
(U.S. Energy Information Administration, 2018)

Renewable energy presents different obstacles for wide-scale implementation. Many
renewable sources, such as geothermal and hydroelectric energy, can only operate in specific
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regions of the country. Solar and wind energy are cyclical and intermittent with almost no ability
to be dispatched, which complicates integration into the energy grid without the development of
large storage capacity. Because of these limitations, the solution to reducing CO2 emissions must
incorporate a broad range of renewable sources.
This research addresses critical issues in biomass utilization for both electric power
generation and chemical feedstock or fuel production. Power production from biomass most
efficiently and cost effectively occurs when cofired with coal. This is a mature technology in
many ways. However, biomass and coal properties differ in many important ways, and the
behavior of these fuels in the complex flow patterns created by full-scale burners remain largely
undocumented. This research addresses this issue.
By contrast, biomass use for fuel production is less mature, especially in processes that
involve biomass char gasification. Many biomass “gasifiers” are actually pyrolyzers and do not
convert an appreciable amount of biomass char to gaseous products. Because of fuel feeding
challenges, these gasifiers typically operate at atmospheric pressure. Gasification kinetic rates for
biomass char determine conversion rates and design parameters for gasifiers. The details of the
gasification process must be better established to make progress in this area. This represents a
much more fundamental investigation than the issues associated with cofiring. These two topics
are further discussed separately.

Cofiring Biomass with Coal
Biomass can reduce CO2 emissions from both stationary and mobile sources.
Approximately 14% of the world's primary energy comes from biomass. However, this number
is heavily biased towards developing countries, where biomass primarily provides domestic
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heating and cooking. In 2017, just over 11% of the primary energy consumption in the US came
from renewable sources. Biomass was the largest renewable contributor accounting for 5% of the
total energy consumption and almost half of all renewables combined (U.S. Energy Information
Administration, 2018). Only about 40% of the available biofuel potential is used and only in
Asia does use currently exceed the available potential (Parikka, 2004). This shows a great
potential for increased use of biomass as a sustainable replacement for coal and other fossil fuels.
The purpose of this research is to increase understanding of thermo-conversion processes of
biomass to lead to more efficient use of this resource.
Dedicated biomass power plants produce less power and operate with lower efficiency and
higher cost than coal combustors, primarily due to the much larger energy density of coal relative
to biomass, economics of transporting biomass long distances, fuel preparation difficulty and
generally higher fuel moisture contents. As an alternative to direct firing, biomass can be cofired
in traditional coal fired plants and benefit from the more efficient design. Cofiring biomass with
coal in traditional large-scale coal power plants represents one of the lowest risk, least costly,
near-term methods of CO2 mitigation. Simultaneously, it is one of the most efficient and
inexpensive uses of biomass (Baxter, 2005).
A portion of this investigation focuses on the effect of cofiring biomass on the near burner
region of a commercial coal flame. This included measurements of particle size and composition,
gas velocity, composition, and temperature in the near-burner region of multiple cofired flames
in a 350 MWe full-scale power plant in Studstrup, Denmark. These data detailed the flame
structure, temperature, and particle burnout providing a unique experimental dataset that
illustrates the behavior of such flames.
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Gasification: Transformation to Useful Products
An alternative use of biomass is to transform it into useful products through gasification.
Gasification converts carbonaceous materials into synthesis gas (syngas) by reacting char at high
temperatures with steam or carbon dioxide. Syngas provides fuel for highly efficient gas turbines,
or feedstock to produce other light gases, fuels, chemicals or other useful products.
Heterogeneous char oxidation kinetics proceed fast enough that transport effects
commonly limit char conversion rates in practical systems, especially with relatively large
biomass char particles. The reaction rate therefore depends on oxygen diffusion to the surface
and through the particle boundary layer. However, gasification rates are orders of magnitude
slower and therefore react at rates that involve particle kinetics, size and shape, bulk and pore
diffusion, temperature, char structure, and reactive surface area (Higman & van der Burgt, 2008).
Many investigations on the kinetic rates of gasification of different coal types have been and
continue to be completed. However, the available literature for biomass is scarcer and available
research focuses on a specific biomass fuel.
Unfortunately, there is not good agreement in the literature of biomass char gasification
kinetics. For instance, some publications suggest that ash content acts as a catalyst in gasification
reactions (Dupont, Nocquet, Da Costa Jr., & Verne-Tournon, 2011; Lahijani, Zainal, Mohamed,
& Mohammadi, 2013; Nanou, Murillo, van Swaaij, van Rossum, & Kersten, 2013). Others have
observed no catalytic effect. Some studies have looked at gasification in a mixture of CO2 and
H2O, and suggest a competition for reaction sites and an inhibition of the faster char-H2O
reaction by the presence of CO2 (Roberts & Harris, 2007). Others have not reported this
inhibition. This work contains, perhaps, the first gasification data that provide continuous
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measurements of the most critical particle data (mass, internal and external temperature, size, and
shape) that is important for regression of intrinsic kinetic rates.
Many of the available investigations on biomass gasification are performed on pulverized
fuel in low heating rate TGA’s or higher heating rate atmospheric flat-flame burners or drop-tube
reactors. The energy requirement to pulverize biomass is excessive so biomass is often much
larger than coal. In this study, biomass with average diameters of 1/8 – 5/8” were gasified in a
unique single particle reactor (SPR). This is an atmospheric reactor that allows high heating rates
with detailed intraparticle information.
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2

BACKGROUND/LITERATURE REVIEW

Properties of Biomass
Biomass is a fuel derived from plant and animal matter in the recent past, as opposed to
fossil fuel which has a similar origin but with plants that lived millions of years ago. Biomass
includes a wide range of sources with large variability in chemical composition and physical
properties. The fuel can be divided according to physical structure into three general groups:
herbaceous, woody, and other forms. Herbaceous fuels (such as straw and switchgrass) and
woody fuels (normally wood dust or chips) are the most common fuels. Other fuels vary widely
in composition and structure but are less commonly used. A few examples are sewage sludge,
industrial waste, and demolition debris. Biomass is a renewable fuel if the growth rate matches
or exceeds the consumption rate.
Biomass, like coal, is a solid fuel and can be effectively cofired with coal. However, the
properties of coal and biomass can vary greatly. Table 2-1 summarizes typical (average) fuel
properties based on a database maintained in this research group that contains many thousands of
measurements. Similar fuel compositions are reported in the literature (Tillman, Dao, & Duong,
2009; Sami, Annamalai, & Wooldridge, 2001; Jenkins B. , 1998). Generally, biomass has much
higher volatile matter, lower ash (down to half a percent), lower sulfur, and higher oxygen
content than coal. Nitrogen content may be higher or lower, depending on the fuel type.
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Table 2-1. Typical (average) coal and biomass analyses based on a database of several thousand measurements

Moisture
Ash
Volatiles
Fixed C
Sum

Typical Coal Analysis
Anthracite Bituminous Subbituminous
2.27
4.46
22.16
14.49
11.12
10.18
7.4
33
31.2
75.9
51.4
36.3
100.06
99.98
99.84

Typical Biomass Analysis (dry)
Grass
Straw Wood Chip Waste Wood

Lignite
35.61
10.59
26.8
27
100.00

7.41
77.19
15.4
100

9.57
73.09
17.35
100

3.82
78.36
17.82
100

3.94
79.42
16.64
100

Carbon
Hydrogen
Oxygen
Nitrogen
Sulfur
Chlorine
Sum

90.22
2.85
5.03
0.93
0.96
0.03
100.02

78.35
5.75
11.89
1.56
2.43
0.08
100.06

56.01
6.61
35.25
1.1
0.84
0.01
99.82

42.59
7.4
48.02
0.73
1.15
0.01
99.9

42
5.39
42.5
1.89
0.22
0.57
92.57

48.3
5.85
44.2
0.78
0.18
0.7
100

51.6
6.14
41.6
0.61
0.07
0.02
100.04

49.6
6.34
42.9
1.01
0.07
0.06
99.98

HHV, Btu/lb

14388

13944

9581

7192

8004.9

7507

8173.23

8174.91

Approximately 14% of the world's primary energy comes from biomass. However, this number is heavily biased towards
developing countries, where biomass is primarily burned to provide domestic heating and cooking. In industrialized countries,
biomass provides less than 3% of the combustion energy. Only about 40% of the available biofuel potential is used and only in Asia
does use currently exceed the available potential (Parikka, 2004). Thus, there is a great potential for increased use of biomass as a
sustainable replacement for coal.

11

Potential Energy Uses of Biomass
Although biomass is primarily converted to usable energy through combustion, it can
contribute to energy supplies in multiple ways, including:
•

Direct combustion to generate steam and ultimately electricity (Demirbas A. , 2000);

•

Gasification to produce syngas, which can be re-formed into chemicals or fuels (Lu,
2006);
Gasification to producer gas that is directly fired in a high-efficiency, combined-cycle gas

•

turbine to produce electricity (Vigouroux, 2001);
•

Pyrolysis to obtain pyrolysis oil and chemicals (Demirbas A. , 2007) ;

•

Biological or chemical conversion to transportation fuels or chemical feedstocks (Perlack,
et al., 2005; Baxter, 2005)

2.2.1

Direct Combustion of Biomass

An alternative to dedicated biomass power plants is cofiring biomass with coal in a coalfired plant. Relative to dedicated biomass plants, coal plants exhibit much higher cycle
efficiencies, can absorb seasonal variations in biomass supply, generally have better pollution
control equipment, and are far larger scale. Most of these advantages stem from the much larger
energy density of coal relative to biomass, making it practical to build large and highly efficient
boilers.
Several challenges to cofiring biomass with coal exist. The majority of cofiring
demonstrations have focused on the challenges of preparation, storage, and handling. This is due
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to the differences in physical properties of biomass and coal. Biomass has a bulk energy density
10% or less of that of coal, requiring much larger storage and handling facilities than an
equivalent amount of coal by heat content. Biomass has a relatively high moisture content, low
friability, and high abrasiveness making it much harder to pulverize than coal. Coal is normally
pulverized in pulverized fuel (pf) boilers such that 70% of the particles pass through a 200-mesh
sieve. Tests have shown woody biomass mass fraction must be <5% for pf boilers and <20% in
cyclone boilers when preblended because of milling limitations. When blending herbaceous
biomass or bark, pluggage can occur even at these low levels of blending (Tillman D. A., 2000).
A separate feed system should be used when cofiring larger fractions in PC boilers to avoid
derating of the boiler and carbon-in-ash caused by pulverizer performance limits (Hughes, 1998).
Even with a separate feed system, corrosion issues are another major concern that may
limit the biomass fraction in the fuel. This is because biomass generally has higher levels of
alkali metals and chlorine than coal. There have been a few corrosion investigations during
cofiring demonstrations, but those performed by Elsam Engineering have lasted much longer and
thus corrosion measurements have less error. Burners in a suspension pf boiler were modified to
allow cofiring of straw. Corrosion plates of varying materials including water-cooled corrosion
tubes (to mimic water tubes) were placed in the primary and secondary superheater regions. Two
conditions were tested, 10% by energy straw and 20% by energy straw. Each test lasted 25003000 hours. The depth of corrosion was measured in each case and compared against corrosion
samples from a reference pure coal operation and 100% straw combustion from a separate boiler.
Figure 2.1 plots the corrosion rates for TP347H FG in an Arrhenius type plot, assuming
parabolic kinetics:
(2-1)

𝒙𝒙𝟐𝟐 = 𝟐𝟐 ∙ 𝒌𝒌𝒑𝒑 ∙ 𝒕𝒕
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where 𝑥𝑥 is the thickness of corroded material, t is the exposure time, and 𝑘𝑘𝑝𝑝 is the parabolic rate
constant.

Corrosion rates at the 10% straw load were comparable to corrosion under pure coal
conditions. However, corrosion rates under the 20% straw fraction were higher than coal
conditions, in some cases 2-3 times higher, yet significantly lower than straw firing conditions
(Montgomery & Larsen, 2002).

Figure 2.1. Arrhenius plot showing corrosion rate of TP347HFG in cofiring compared to
100% coal firing and 100% straw firing. Figure copied from (Montgomery & Larsen,
2002)

Elsam Engineering began commercial operation of two cofired plants in 2002 and
continued monitoring corrosion rates each year. It was seen that corrosion rates during the first 3
years of operation were slightly higher than predicted from the demonstration investigation.
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However, the corrosion rate had decreased between the 2nd and 3rd years coinciding with all
chlorine in the deposits being completely replaced between these two years (Montgomery,
Vilhelmsen, & Jensen, 2008). These investigations indicate biomass fraction should not be
higher than 10% by energy.
Over 200 cofiring tests or demonstrations have been carried out on full-scale boilers in the
US alone. Many of these investigations have focused on the feasibility of fuel handling and
supply, with most of the others concerned with the effects on emissions. In all cases, emission
measurements have been obtained well down stream of the fire box (e.g. stack). These tests have
shown a reduction in SOx and often in NOx. They have also proven the concept of cofiring in all
types of boilers, albeit optimization of the fuel handling and supply system is needed and most of
the tests have been short term. While these findings are significant, research is lacking in other
areas, such as ash deposition, corrosion, burnout, and other fireside issues.
Several investigations have been performed with measurements in the near-burner region
of pf flames. These investigations include some or all the following information: velocity fields,
gas temperatures, particle temperatures, gas composition data, and carbon burnout. Most of these
investigations have been on coal flames (Costa, Costen, Lockwood, & Mahmud, 1991; Godoy,
Ismail, & Lockwood, 1989; Jensen, Ereaut, Clausen, & Rathmann, 1994; Nazeer, Jackson, Peart,
& Tree, 1999; Nazeer, Pickett, & Tree, 1999; Smart, Woycenco, Morgan, & vandeKamp, 1996;
Truelove & Holcombe, 1991; Weber, Dugue, Sayre, & Visser, 1992) and most of these have
been in pilot-scale systems.
Some investigations report measurement campaigns in the near-burner region of a
commercial scale boiler. Jing et al. (Jing, Li, Zhu, Chen, & Ren, 2011) measured gas temperature
and gas species concentration in the flame region of a 300 MWe wall-fired pc boiler. Li et al. (Li,
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Jing, Liu, Chen, & Liu, 2010) measured gas temperature and composition, char burnout, and
release of C, H, and N from coal in the flame region of a 200-MWe, wall-fired, lignite utility
boiler. The probe used in both these investigations was too short to reach the center of the flame
and information about the rest of the flame was obtained by numerical simulations.
A study performed by Costa et al. (Costa, Azevedo, & Carvalho, 1997) included
measurements through the centerline of a one burner flame of a 300 MWe front-wall-fired,
pulverized-coal boiler. The data reported included local mean gas concentration and gas
temperature in the burner region. The investigators took measures to ensure steady-state
operation during testing so that the data sets obtained could be used for CFD simulation
comparison and development of evaluation of different 3-D mathematical models.
There are relatively few biomass or biomass-coal blend flame investigations, and these are
entirely in pilot-scale systems. Some important flame characteristics, such as the stoichiometry
and intermittency of oxygen near the flame center, quite likely change with increasing scale.
Measurements from within a biomass or cofired flame are rarer. Several parametric
investigations have been performed with emissions analyzed. These data have shown cofiring
with lower-S and N biofuels decreases SOx and usually NOx, but not in all cases. A review of
these investigations follows.
One cofiring investigation has been performed with fuels that were not pre-blended. This
investigation burned sawdust-coal and sewage sludge-coal. However, only emission data was
obtained (NOx and particle burnout). It was found that injecting sawdust in center was better and
ignited sooner and enhanced combustion intensity with lower NOx and higher efficiency (max at
30% by energy). The fuel injection mode for a lower reactivity alternative fuel, pulverized
sewage sludge, was seen to only marginally effect burnout and NO emissions. These results
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emphasize the need to consider both the reactivity and nitrogen content of the fuel prior to
selecting an injection mode (Abbas T. , Costen, Kandamby, Lockwood, & Ou, 1994).
An investigation of single fuel flames of a lignite, bituminous coal, and oak sawdust found
that the biomass flame is much more intense near the burner (higher CO and UHC) and produces
a longer flame (combustion zone). The conclusion was that biomass involves 2-stage combustion
where volatile combustion in the 2nd stage comes from large biomass particles (Ballester,
Barroso, Cerecedo, & Ichaso, 2005). This is consistent with findings in this research group as
explained below.
Another investigation in a 3 MWth test facility included a parametric cofiring investigation
with increasing biomass (sawdust 80% oak/20% pinewood). The system fed fuel through a
volumetric screw, so heat input differed as energy density varied. Secondary air flow necessarily
increased with increasing biomass to move the flame from the burner. Results depend both on
biomass fraction and secondary air flow rate in addition to the many unknown variables
associated with work of this type. Coal (South African) and wood were pre-blended and milled
together. Particle temperature was measured by 2-color pyrometry imaging in flame zone. Gas
temperature and NO were reported at 2 axial positions in the flame. Also, emissions (O2, CO2,
CO, NO, and SO2) were reported in flue along with fly ash properties (unburnt carbon, volatile
matter, and inert composition). This study showed an increase in NO with biomass increase.
However, cofired flames were less stable and the increase in particle size may contribute to
greater NOx. Biomass addition significantly reduced unburnt carbon, likely because of quicker
ignition and more intense flames due to the higher volatile content of biomass. However, alkali
content in ash increases with biomass fraction and fouling problems visually appeared on the
suction pyrometer probe (Molcan, et al., 2009).
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Recent investigations in this research group have provided composition and temperature
data in pure coal, pure biomass, and cofired flames. Comprehensive gas composition data were
collected on a 150 kWth swirl-stabilized burner with a dual feed system. However, only cold flow
velocity data were available, supplemented with velocity fields from CFD modeling. Both
penetrating and non-penetrating style flames were investigated. These investigations provided a
database of flame properties for biomass and cofired flames. These flames and modeling results
successfully mimic large-scale flames with both internal and external recirculation zones.
The above investigations showed axially extended flame structure for cofiring and biomass
flames relative to coal flames. The extended flame structure is attributed to greater penetration of
the larger biomass particles and higher volatile yield. Also, secondary flame regions were
evident in cofired and biomass flames. Specifically, for straw, these secondary flame regions
arise from the much denser straw knees relative to the rest of straw. The straw knees take longer
to heat up and thus release volatiles downstream of the smaller coal particles and less dense
portions of straw. This result was validated with particle measurements throughout the flame
region. This investigation also validated these secondary flame regions in other biomass
investigations. Although these analyses involved among the largest scale flames that can be
generated at laboratory scale, some of the features noted, specifically the presence of oxygen at
least momentarily essentially everywhere in the flame region, may not be as significant at the
much larger flames of commercial scale. In addition, although the measured and predicted
velocity profiles measured in the small-scale system reached a new level of agreement in this
research group, no reacting flow velocity results were available for comparison (Damstedt, et al.,
2007; Wu, Damstedt, Burt, Tree, & Baxter, 2006).
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Previous investigations also include one measurement campaign in a full-scale burner at
the 2000 MWe coal-fired Ferrybridge C Power Station in Yorkshire. A laser Doppler
anemometry (LDA) provided axial and vertical velocities in the near-burner region of a 37 MWth
flame. Reasonable velocities were measured in the range of -3 to 25 m s-1 that showed a mild
internal recirculation zone (Ereaut & Gover, 1991).
While some of these investigations were performed on close to commercial-scale burners,
only one provided data from the near-burner region of a multi-burner combustor. Because factors
affecting operation of a swirl-stabilize burner scale in different ways, there is uncertainty as to
whether results from bench-scale measurements accurately represent commercial scale burners.
For example, it is necessary to burn smaller biomass particles in the bench-scale burners than in
commercial scale to achieve stable flames. The larger sizes of pulverized biomass particles in
commercial, cofiring boilers is displayed in (Yin, Rosendahl, Kær, & Condra, 2004) and
(Rosendahl, Yin, Kær, Friborg, & Overgaard, 2007). Also heat transport by radiation cannot be
accurately scaled from commercial boilers to a single burner facility. Mathematical models
suggest that these differences are unlikely to significantly affect test furnace results, provided
that the flow is fully turbulent at the reduced scale and that the burner velocities and fractional
heat losses remain constant with scale (Abbas, Costen, & Lockwood, 1996). However, no
commercial near-burner tests exist up to this point.
This research focuses on the flame composition and structure from a single burner in a 24burner, 350 MWe power plant. Traditional extraction methods and in situ spectroscopic methods
simultaneously provided gas composition, gas temperature, and particle temperature in the nearburner region. The gases measured include major components: H2O, CO2, CO, and O2; minor
components: CH4, C2H2, other UHC, and PAH; and nitrogen species: NO, HCN, and NH3. A
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laser Doppler anemometry (LDA) provided axial and vertical gas velocities. Sampled particles
throughout the flame provide composition and size distribution information. These experiments
required major boiler modifications, boiler operation dictated by the experiments rather than by
power dispatch needs, and a team of experienced researchers from BYU, Risø DTU, Dong
Energy, and Aalborg University, which included non-BYU investigators Sønnik Clausen (Risø),
Alexander Fateev (Risø), Karsten Nielsen (Risø), Søren Hvid (Dong), and Søren Kær (Aalborg).
This investigation may be the most detailed attempt to date to characterize the near-burner
region of a utility-scale boiler operating at full load and, to our knowledge, is the only data
available for biomass cofiring in such a system. The work is undertaken to better characterize the
flame structure and other features of this boiler. The data below focuses on the LDA velocity
results and biomass particle behavior as compared to the coal particle behavior.

2.2.2

Gasification to Syngas

One option to produce bio-based hydrocarbon products is to begin with biomass
gasification. Gasification can be followed by Fischer-Tropsch conversion of the resulting syngas
to produce transportation fuels. Gasification is the process that converts carbonaceous materials
into synthesis gas (syngas) by reacting it at high temperature with steam or carbon dioxide.
Syngas burns directly in high-efficient gas turbines or converts to other light gases, fuels,
chemicals or other useful products.
The kinetics of the heterogenous oxidation of char are fast in typical combustion systems
and achieve thermodynamic chemical equilibrium. The rate of reaction is therefore limited by
diffusion of oxygen to the surface and of combustion products away from the surface through the
particle boundary layer. However, gasification rates are orders of magnitude slower and therefore
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determination of intrinsic rates must include an understanding of particle size and shape effects,
pore diffusion, temperature and heat flux gradients with the particle, evolution of the char
structure, and diffusion through both the boundary layer and pores (Higman & van der Burgt,
2008). Many coal gasification kinetic investigations have been and continue to be completed.
However, the available literature for biomass is more scarce and available research focuses on a
specific biomass fuel.
Carbonaceous fuels are most commonly gasified by steam or CO2 with steam gasification
being about three times faster than reaction with CO2.

Modeling Non-Isothermal Particles
Commercial CFD software, such as Fluent, allows multiple reacting phases including a
discrete phase. The particles in this phase are normally modeled as being spherical and
isothermal. Since most pulverized coal particles have particle diameters less than 100 microns,
isothermal particle assumptions quite accurately represent physical behavior. Also coal particles
have aspect ratios close to 1 and are thus well approximated by spheres. Thus, Stokes flow or
well-established spherical drag coefficients accurately estimate particle drag forces.
However, biomass is non-friable and thus cannot efficiently be reduced to the same particle
sizes as coal. The average particle size of pulverized wood pellets and straw particles is often
between 0.5-10 mm. Also, most of the straw particles and a large fraction of wood particles are
aspherical with aspect ratios as high as 10-20. It is unreasonable to assume these particles are
isothermal or follow Stokes flow. Several modeling investigations explore this assumption and
propose alternate models that allow for intra-particle gradients. One investigation looked at
experimental and mathematical modeling approaches to model single biomass particle
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combustion in size ranges of 10 µm to 20 mm. This investigation concluded that more
complicated models that allow for non-constant particle temperatures are necessary, especially
for the larger particles (Yang, et al., 2008).
Gera et al. investigated the effect of large aspect ratios of biomass on carbon burnout and
inner-particle temperature distributions. They used a submodel that allowed input of cylindrical
particles and solved for temperature gradients in the particle to compare against models using
isothermal spherical particles of similar size/volume. They inferred that the isothermal model
significantly underpredicted the temperature of the particle and burnout of the particle (Gera,
Mathur, Freeman, & Robinson, 2002).
A comprehensive model has been developed that accounts for intraparticle heat and mass
transfer during particle heating, drying, and devolatilization. It was validated against
measurements of mass-loss of millimeter-sized alfalfa and wood particles from the Multifuel
Combustor at Sandia National Laboratories. The investigation showed that this model was able
to accurately predict devolatilization behavior whereas a simple lumped sum model could not.
Intra-particle transport effects in millimeter-sized particles strongly affect behavior, and this
effect became more significant with larger particles as expected (Bharadwaj, Baxter, & Robinson,
2004).
Students at BYU developed a similar comprehensive model that accounts for drying,
devolatilization, and char oxidation processes of aspherical, large biomass particles. This code
was validated against combustion data obtained from a single particle reactor where particle
surface and center temperature, mass loss, and off-gas concentrations are measured. The
comparisons between experimental data and model predictions with different levels of
complexity demonstrate that, for biomass particle combustion, a model with such a sophisticated
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structure is necessary, which takes particle shape, size, surface area, internal temperature and
concentration gradients, and flame effects into account (Lu, Roberts, Pierce, Ripa, & Baxter,
2008).
Recent modeling of the BFR at Aalborg University showed that solving for intra-particle
gradients is at best a secondary concern for particles of a few hundred microns (Yin, Kær,
Rosendahl, & Hvid, 2010). The model used at Aalborg University was built on the same theory
as BYU’s model, although is somewhat simplified. BYU’s model shows that an intra-particle
conversion model is necessary for particles greater than approximately 100 microns (>10 % error
with isothermal particle model) (Lu et al., 2008). The discrepancy may be due to the difference
in models used but can be attributed to the fact that the investigation at Aalborg modeled the
entire flow field rather than just particle combustion. Errors in other models, such as the
turbulence and especially the turbulence-chemistry model, may overshadow errors in the particle
conversion model.

23

3

OBJECTIVES AND APPROACH

The purpose of this research was to increase the knowledge of thermal conversion of
different biomass fuels. This project was divided into two major objectives. First, the structure,
gas composition, and particle composition for multiple full-scale cofired biomass/coal flames
were mapped out. The second objective was to characterize biomass char gasification at
atmospheric pressure and conditions pertinent to commercial fixed bed gasifiers.

Cofire Flame Objectives
The main objective of this portion of the work is to map out the flame structure and
composition of various biomass/coal cofired flames, thus providing valuable data-sets to which
CFD results can be compared to test the effect of improvements to individual models within the
CFD framework. Experimental data was obtained from a single burner at a utility-scale, electric
generating cofired plant and from the literature, mainly relying on data collected in this research
group by previous investigators. Velocity, temperature, gas and particle composition, and
particle size distribution maps were generated throughout the near-burner flames. The
experimental data provides general knowledge about flame structure and composition.
Measurements were taken in the near burner region of 3 different biomass/coal cofired flames
(short straw, long straw, and wood) and a coal baseline flame.

24

This portion of the work was a collaborative effort involving Dong Energy, Risø National
Laboratories, Aalborg University (ÅU), Danish Technical University (DTU), and Brigham
Young University. Several measurement techniques utilized in this work have never been
attempted previously at this scale or under such hostile and highly particle laden conditions, and
some techniques proved more reliable than others. Specific tasks for this portion of the work
included:
1

Preparation of probes and analytical equipment to successfully map out the near-flame
region of multiple cofired flames. Due to the high cost of operating a 350 MWe at
constant load and other project costs, significant work needed to be completed prior to
the campaign to prepare and optimize the data collection system. Scientists at Risø DTU
National Laboratory (Roskilde, Denmark) were primarily responsible for preparation of
the in-situ UV and IR measurement systems. I was primarily responsible for preparation
of the LDA and particle extraction system.

2

Data collection at Dong Energy’s 350 MWe SSV plant in Studstrup, Denmark. This task
includes preparation of and adaptation of a measurement plan to optimize the information
gathered in four different flames during two different measurement campaigns.
Preliminary measurements were taken during two short trial campaigns prior to the
official campaign. This included measurement of gas velocity by LDA, gas composition
and temperature measurements by both in-situ FT-IR and UV spectroscopic methods and
extractive gas analysis, and isokinetic particle sampling.

3

Data Analysis. This task includes analysis of all data to generate 2D and 3D maps of
temperature, velocity, gas composition, and particle composition. A novel approach to
determining the mass fraction of biomass and coal at each particle sampling location
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within the flame and the individual burnout of each fuel was developed (see Chapter 5).
From this information the effect of particle size and type can be determined,
understanding that this effect may be unique to the specific fuel handling and supply
systems on this unit.

Biomass Char Gasification Objectives
The main objective of the second portion of the work was to characterize biomass char
gasification at atmospheric pressure and under conditions pertinent to commercial fixed bed
gasifiers. This work was completed in conjunction with other work in this lab, work in Dr.
Thomas Fletcher’s lab (BYU), and with GE Global Research as part of a larger USDA funded
project.
The objectives of the large USDA project were to develop detailed and simplified kinetic
models to describe the gasification of biomass feedstocks for the goal of producing
transportation fuels via Fischer-Tropsch production. BYU was tasked with characterizing single
particle char gasification at conditions pertinent to commercial gasifiers for biomass and improve
single particle kinetic models. Other students in Dr. Fletcher’s group carried out experiments
with small particle sizes (<100 µm) in atmospheric and pressurized flat-flame burners at
conditions like those of commercial entrained-flow gasifiers. The efforts for this work focused
on experiments in a single particle reactor of larger particle sizes (> 1/8”) at conditions typical of
an atmospheric fixed-bed gasifier. Ultimately the data from both these regimes can be combined
to improve kinetic models with a wide range of applicability.
Char reactivity depends critically on temperature, size, and shape of particles. The set-up in
the single particle reactor (SPR) laboratory provide means of measuring temperature gradients,
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mass loss, size and shape during reaction, as continuous functions of time. This data was
combined to regress global 1st order gasification kinetic parameters. Specific tasks for this
objective include:
1

Re-configure the SPR facility to enable steam gasification reactivity tests and analyze offgases. Previous students in this research group built, modified, and used the SPR facility
for biomass pyrolysis and char oxidation investigations. Other projects were using most
of this equipment at the beginning of the work reported here. This task includes
rebuilding the lab, addition of a water metering, vaporization, and injection system to
allow for steam gasification tests, modifications to the reactor to prevent the flow or
leakage of oxygen into the reactor, and purchase and installation of an Agilent 5975C
GC/MS for off-gas analysis.

2

Measure and Regress CO2 and H2O gasification. Raw poplar samples of varying size and
shape were dried, pyrolyzed, and gasified in the SPR for a range of CO2 and steam
concentrations. The center and surface particle temperature, particle mass, shape and size,
and off-gas composition was continuously measured and gasification kinetic parameters
were regressed from these measurements.

3

Improvement of Singular Particle Combustion Model and addition of gasification
kinetics.
A detailed description of the experimental set-up, equipment/analyzers used, and

procedures in obtaining data for this research are contained in Chapter 6. Results from the fullscale cofired measurement campaign are presented in Chapter 7. The results from the char
gasification experimental and modeling work are presented in Chapter 8. Finally, Chapter 9
contains a summary of this work and original findings from this dissertation.
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4

EXPERIMENTAL EQUIPMENT AND PROCEDURES FOR COFIRED
MEASUREMENTS

Test Facility
Measurements were taken in the flame at Unit 4, Burner 46 at Dong Energy's Studstrup
Power Station (SSV) in Studstrup, Denmark (see Figure 4.3). This pulverized-fuel, wall-fired
boiler operates on approximately 10% wheat straw by energy and 90% coal. The boiler contains
24 total burners, six on each row with two rows on each of the front and back wall (see back wall
burner layout in Figure 4.4). All burners are fired on 100% coal except the inner 4 on row 40:
burners 42, 43, 44, and 45. These four burners were modified such that the oil lance was moved
from the center and angled in through the tertiary air register. This allowed straw to be fed
through the center pipe (see Figure 4.1 and Figure 4.2). This modification to allow injection of
high volatile fuel in the center is consistent with literature findings (Abbas T. , Costen, Hassan,
& Lockwood, 1993). The four cofired burners are fed equivalent amounts of wheat straw and
coal by energy.
For this project, burner 46 was modified in a similar fashion to allow for cofiring while
burner 45 is fed 100% coal. Burner 46 was selected because it was next to the side wall from
which a water-cooled probe can be inserted and reach across the entire cofired flame.
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Figure 4.1. Standard Mitsui-Babcock Low-NOx burner at SSV

Figure 4.2. Modified Mitsui-Babcock Low-NOx burner at SSV in duel-fed configuration.
Oil lance is moved to the side so high-volatile fuel can be injected in center.
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Figure 4.3. Studstrup unit 4 boiler with burner levels labeled. Cofired burners are on rows
30 and 40

Measurements were performed in three different cofired flames and a reference coal flame
listed in Table 4-1. The boiler is normally cofired on wheat straw that can pass through a 50-mm
sieve. The straw is sized by placing a screen on the exit of the straw mill blower. Only straw
particles that can pass through the screen are fed to the boiler while the large particles remain in
the mill until their size is reduced enough to pass through the screen. Typically, this screen has
50 mm holes. However, because of expected bias in the particle collection probe (16.6 mm
diameter), smaller screens were used in these tests. The short straw cofired flame (SS) had the
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highest priority and was fired with straw that passes through a 16 mm screen. A 32 mm screen
use used for the long straw cofired test (LS).
Since many straw particles are cylindrical in shape and can have high aspect ratios,
particles with much larger lengths than the screen size can pass through these screens, if oriented
correctly. Thus, there is still expected to be some under-representation of the large particle sizes
during particle extraction. However, by decreasing the screen sizes, the particle size distribution
was shifted towards the smaller sizes and thus a decrease in particle measurement bias.

Figure 4.4. Burner set-up on SSV back wall. Front wall has identical setup with
burners aimed directly towards each other.

The SSV plant is only setup for storage and handling of straw biomass. Modifications were
made at the plant to allow introduction of wood and industrial waste. Pre-pulverized wood was
trucked to the plant. Initial plans included test-firing an industrial waste that was a mixture of
mainly cardboard, paper, packing materials, and plastics. However, prior to testing it was
determined that industrial waste was not an economically-viable fuel for Dong Energy and was
removed from the testing plans.
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Table 4-1. Planned measurement flames in order of priority.
Priority Flame ID Coal % (energy) Biomass % (energy) Biomass type
1

SS

50

50

Short straw

2

LS

50

50

Long straw

3

Ref

100

0

None

4

W

50

50

wood

Burner dimensions and measurement port positions appear in Figure 4.5. The ports are
labeled A through D with port A being nearest the burner exit. Ports A, B, C, and D are
approximately 1.22 m, 2.62 m, 4.02 m, and 6.72 m from the quarl exit, respectively. Port D is
also in the center of the boiler (i.e. equidistant between the opposing burner walls). The center of
the measurement ports is approximately 15 cm above the burner centerline because of flame lift.
There is a structural pillar directly in front of Port A limiting flame access. The probe can only
be inserted on a 5-10° angle towards the flame and only positions in the bottom half of the flame
can be measured.
The 4 measurement ports are elongated as shown in Figure 4.6. This was accomplished by
bending tubes outward and into the boiler wall. This allows the probe to be angled from side to
side to get measurements from nearly any axial position. The probe may also be angled up and
down but is limited because of the floor and other structural beams.

4.1.1

Type of Flames

Data was collected from a baseline coal flame and three different cofired flames of which
the biomass portion included: short straw, long straw, and wood. As explained previously,
modifications were needed for feeding of each of these biomass fuels. Both the short and long
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straw had smaller maximum sizes (16 mm and 32 mm, respectively) than the max size of 50 mm
that is typically fired at this plant. The wood pellets were pre-pulverized at a different facility
and fed directly from the truck into the biomass feed line. Project costs limited the campaign to
five days of measurement on the short straw cofired flame and one day each on the long straw
and wood flame. Limited data was collected from the coal flame during part of a day when the
straw mill was down. Because of time constraints, considerable time was invested in testing the
equipment in the lab and at the plant. These efforts were to ensure accurate use of the different
equipment. No effort was made to maintain constant burner operation during these practice runs
so data from these periods are not included in the analysis.

Figure 4.5. Measurement port positions from top view - all dimensions are in mm.
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Figure 4.6. Dimensions of measurement port. The elongated port allows for several axial
and radial positions to be measured from a single port.

Flame measurements included temperature, gas composition, particle sampling, and
velocities. Each measurement technique is explained in more detail in the following sections.
The highest priority data involved the coal and short straw system so a full set of measurements
was made of this flame. Time restrictions limited the measurements that could be made on the
other flames. Each of the cofired flames was imaged with the FLIR camera and particle samples
were collected throughout each cofired flame. Velocity measurements were only completed in
the short straw cofired flame. It was assumed that velocities were approximately the same in the
other two cofired flames when particles were sampled. Gas composition by in-situ IR
measurements and gas extraction were made in the short straw, wood, and coal flames. Table 4-2
provides an overview of the flame measurements.
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Table 4-2. Overview of measurements times and type for each flame
Date
25-Oct
26-Oct
27-Oct
28-Oct
29-Oct
30-Oct
18-Nov
19-Nov
19-Nov
19-Nov

Start
time
17:00
7:30
7:30
7:30
8:00
8:00

End
time
23:59
23:30
21:30
22:00
21:00
22:00

Installation
coal + short straw
coal + short straw
coal + short straw
coal + short straw
coal + short straw

8:00
8:00
13:00

23:59
12:30
17:30
23:00

coal + wood
coal + long straw
coal
coal + long straw

4.1.2

Fuels fired

FTIRprobe

Extractive
gas

X
X

X
X

LDA

Particle
sample

UVprobe

IRcamera

X

X

X
X

X

X

X

X

X
X
X

Stability of Boiler Operation

Figure 4.7. Total boiler load and straw feed rate to burner row 40 during short-straw
measurement period, Oct. 26-30, 2009
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X
X

SSV operators made efforts to maintain steady firing of burners 45 and 46 while the other
burners fluctuated to meet demand. Boiler load (MWth) and straw feed rate (tons/hr) from the
short straw measurement period of Oct. 26-30, 2009 is displayed in Figure 4.7. Coal feed rate
(kg/s) to each burner row is displayed in Figure 4.8. Plant PI data is generally only available on a
per burner row basis. This data shows the constant variability in boiler load and coal firing rate
on all burners rows except row 40. The coal feed rate to row 40 was held constant from about
8:00 – 23:00 each day. There is variability in the straw feeding rate on Oct. 26, but much more
steady feeding on the other days.

Figure 4.8. Coal feed rate to each burner row during short-straw measurement period, Oct.
26-30, 2009
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Boiler load (MWth) and straw feed rate (tons/hr) from the wood and long straw
measurement period of Nov. 18-19, 2009 is displayed in Figure 4.9. On Nov. 18, wood was
being fed to burner 46, so straw is fed to only 3 of 4 cofired burners. Thus, the straw feed rate is
about 75% of the straw feed rate in October. Coal feed rate (kg/s) to each burner row is displayed
in Figure 4.10. The coal feed rate was more variable during this campaign. Also note that the
straw feed rate goes to zero and row 40 coal feed increases on Nov. 19 from about 15:00-22:00.
The straw mill was down during this period. No measurements were collected from 17:30-20:30
because demand dropped so low that only rows 30 and 40 were firing and demand prevented
operating row 40 at full load.

Figure 4.9. Total boiler load and straw feed rate to burner row 40 during wood and longstraw measurement period, Nov. 18-19, 2009
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Figure 4.10. Coal feed rate to each burner row during wood and long straw measurement
period, Nov. 18-19, 2009

Preparation of Measurement Equipment
Several techniques were employed to obtain a full data set on each flame. Most of the
equipment had already been manufactured and/or prepared in cooperation with partners at Risø
DTU National Laboratory (Risø), located in Roskilde, Denmark. In-situ gas and temperature
measurements using FTIR and UV spectroscopy were techniques being developed by partners at
Risø. An explanation of these techniques is included in this section. However, as these
techniques were still being developed by others, only a limited amount of data is included in this
dissertation.
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Gas composition was also measured by traditional gas extraction and analysis by FTIR
Spectroscopy. Preparing for LDA measurements and particle sampling was my main
responsibility. A brief description of each method is included below.
This work relies on two 5-meter probes and one 7-meter probe, all designed previously in
collaboration with and constructed by Risø. The two 5-meter probes are identical and are
specifically optimized for this project to allow probing completely through the nearest flame
while minimizing excess length for ease of handling and cooling (see Figure 4.5). The 7-meter
probe is longer than ideal but allows for gas extraction and fast IR optical measurements
simultaneously. The various diagnostic techniques differ in their optical and sampling access
needs, so the probes have interchangeable tips, with a unique probe tip for each technique. The
probes are threaded on the end to allow interchanging. O-rings seal the probe tip and probe so the
tips can be water-cooled. Probes are designed to allow cooling water to be supplied in either the
inner annulus when cooler water is needed at the tip for sensitive optics or in the outer annulus so
a fairly constant yet elevated temperature (50-90 °C) can be maintained on the inner annulus to
prevent gas condensation.

4.2.1

LDA System

A Dantec Dynamic's FiberFlow LDA system measures two orthogonal velocity
components, in this case arranged to represent the axial flow with respect to the burner axis of
symmetry and the vertical or lift velocity.
A 27 mm diameter probe with a focal distance of 160 mm fits just inside the core of the 5meter (60 mm diameter) probe so its temperature can be maintained below 50 °C. A glass
window sits in front of the LDA optics and a non-reflective cavity that extends 8 cm from the
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LDA focusing lens is screwed on the end to minimize radiative heat flux onto the lens.
Therefore, the focal distance is only 8 cm in front of the probe tip. This minimizes error due to
beam steering and especially from excessive particle concentration from this particle-laden flow
but creates a potential for disturbing the flow pattern. However, the flow disturbance should be
minimized as the focal distance is 8 cm in front of the tip and a relatively small (25 mm)
diameter ceramic tube is used for the 8cm long probe tip.
The LDA system at Risø has been refurbished and updated. The refurbished laser (6-watt
Coherent Innova 306 Argon Ion Laser) can operate near 6-watt power and a more modern,
smaller probe - FiberFlow from Dantec Dynamics - fits into the probe. The 2 signal processors
used are BSA series 57N running the BSA version 2.1 software, also available from Dantec
Dynamics. The 2 lines used are the blue light at 488 nm and green light at 514.5 nm.
The LDA system was set up in back scatter mode. The velocity of a particle that flows
through the focal point can be calculated based on the frequency shift in the back-scattered light.
If the particles are very small, it is assumed that they follow the flow of the gas and that the gas
velocity is approximated as the particulate velocity. This assumption becomes worse with larger
particles.
In a swirl stabilized flame, reverse flow is typical near the center of the flame region. The
larger fuel particles have enough momentum to penetrate through this zone. The gas velocity is
not only poorly approximated by these particles but can be in the opposite direction. Thus, if not
carefully operated, results from the LDA system can be very erroneously interpreted.
Many parametric tests on the settings for the LDA system were performed in the lab prior
to the actual measurement campaign. These tests were completed to optimize the performance
and maximize the sampling rate. A higher sampling rate ensures that the system detects a larger
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fraction of the smallest particles. The particle size distribution by number is heavily biased
towards the smaller particle sizes that closely follow gas flow. Thus, at a high sampling weight,
the velocities of the many small particles dilute out the velocities of the large particles and gas
velocity can be approximated by the LDA particle velocities measured. Sampling rates exceeded
5000 Hz at all positions.

4.2.2

Particle Extraction System

Particle extraction measurements rely on LDA data to attempt isokinetic (constant
velocity) sampling. However, it is difficult to define isokinetic sampling from within a highly
turbulent, swirl-stabilized flame. Because the flame consists of fluctuating flamelets and
turbulent flow that fluctuates faster than the response time of a sampling system, isokinetic
sampling can be defined as measuring at a rate that ensures the sampling velocity is equal to a
mass-weighted average of the flow velocity.
Most large particles do not follow the gas flow within the flame. This is most easy to
understand in the internal recirculation zone (IRZ), through which the large particles penetrate
due to momentum. With decreasing particle sizes, the particles will decelerate to a greater
degree. With very small particle sizes, the drag forces on the particles cause the particles to turn
and essentially follow the gas flow. For coal, most particles by particle count do follow the gas
flow and this may be true for biomass also depending on particle size distribution, but most of
the particle flow by mass is expected to penetrate through the IRZ. The conversion history of all
particles is interesting, but that of the larger particles has a higher priority in this work, so the
probe head will be turned towards the burner for all measurement positions. Gas velocities
outside the IRZ zone still fluctuate but to a lesser extent.
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The general particle extraction setup schematic appears in Figure 4.11. Dry N2 is used for
quench and ideally a quench rate of 7-10 times the sampling rate is desired to quench
homogeneous and heterogeneous reactions. The rest of the equipment design is selected/designed
based on knowledge from particle extraction at BYU (Damstedt B. D., 2007; Wu, Tree, &
Baxter, 2007).

Figure 4.11. Schematic diagram of particle extraction equipment.

The head of the particle extraction probe was designed to mount on the end of the 5 m
probes (Figure 4.12). This view clearly shows the outer 2 annuli for water supply and return to
the tip and the inner annulus for carrying quench gas to be injected into incoming sample flow
approximately 1 cm from the tip. The inner diameter (ID) of the sampling tube (inner tube) is
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16.6 mm. This was limited by the bottleneck in the quench gas annulus created by connecting the
probe head to the probe with a straight nipple. All the other tubes were also reduced to minimize
flow disturbance, but still allowing for adequate cooling of the probe tip. The outer diameter
(OD) of the tip is 38.1 mm compared to 60.3mm diameter probe. Figure 4.13 is a representation
of the probe head built at BYU's Precision Machining Laboratory.

Figure 4.12. Cross-section view of particle sampling probe head with dimensions

Several different cyclone designs were considered. One was designed according to
guidelines given in Perry's Handbook and compared to several designs derived from correlations
in Aspen. The chosen design was a scale up of the SPS High Efficiency cyclone in Aspen. This
design had a 50% cut-off particle diameter of 1.6 µm, but simulations failed in Aspen due to
plugging concerns. The final design was scaled up to minimize plugging, but with a decrease in
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efficiency. It has a 50% cut-off diameter of 4.3 µm for coal and 7 µm for straw. There were still
some plugging problems in the circular to rectangular inlet transition piece. However, these
occurrences were rare enough to allow particle collection at all desired positions.

Figure 4.13. CAD drawing of particle sampling probe head built at BYU’s Precision
Machining Laboratory

4.2.3

Particle Sampling

A few problems were encountered during particle collection tests. Larger particles
sometimes passed through the cyclone and got stuck in the rotameters, making them unreliable.
Through observation, it was found that a clump of particles would periodically enter the cyclone
all at once. This was either due to the fuel agglomerating in the feeding system or a partial plug
in the probe tip or cyclone entrance. In case of a plug, a vacuum of up to (down to) -0.2 barg
would build up downstream and the pressure drop could cause the plug to break free. This brief
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period of high particle loading in the cyclone would break the cyclone flow pattern allowing
some larger particles to be sucked into the exhaust. This problem was mitigated by placing a
safety filter with 1 mm filter holes downstream of the cyclone (see Figure 4.15).

Figure 4.14. Solid-Gas separating cyclone with 50% cut-off diameter of 4 microns. Image
on right with dimensions is modified from Perry’s Chemical Engineers’ Handbook 8th ed p.
17-29
The fine particulate that passed through the cyclone and safety filter presented another
problem. Some particles deposit on the rotameter (variable area flow meter) walls and float. This
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would again make the flow measurement unreliable. The air supply to the ejector was stable due
to being passed through a pressure regulator, so if there was no plugging and the deposition
amount was low, the flow through the rotameter was assumed constant. However, as the safety
filter started to collect more particles, the pressure drop in the system increased and thus the
ejector flow needed to be increased. This problem was mitigated by controlling the sample flow
rate using the pressure readings. An assumption was made that the pressure inside the boiler
remained constant so the pressure drop across the system was linearly proportional to the
vacuum pressure at the rotameter. The probe was taken out of the boiler and the system cleaned
so the flow reading on the rotameter was reliable. Then the ejector supply pressure needed to
keep an accurate flow was tabulated based on different pressure drops across the system. The
pressure drops were created by blocking the probe tip by varying degrees. When the rotameter
got dirty, the flow could still be kept constant by adjusting the ejector air supply pressure.

Figure 4.15. Image of the particle extraction cyclones followed by a safety filter to protect
downstream equipment

46

A third concern was that the particle size distribution was biased towards the large particles
because the small particles that pass through the cyclone were not collected. Ideally a collection
filter with a very small retention grade (< 1 µm) would have been installed immediately after the
cyclone. The filter would need to be changed with each change of position and included with the
particles collected in the cyclone. Because the cyclone was less efficient than optimal due to
upscaling to minimize plugging, this fine filter would have plugged much more than once per
position. The filter would have had to be replaced several times at each point and the constant
increase and decrease in system pressure drop would have made isokinetic sampling practically
impossible. It would also be difficult to accurately use the sampling time data. This would have
also greatly increased sampling time per point and thus decreased the number of sampling points
and spatial resolution. Finally, the conversion history of the larger particles was most interesting
in this project.
A fourth concern was being able to determine the sampling time accurately and thereby
estimate the particle loading at each flame position. During testing, partial plugging of the
probe/cyclone was often a problem and it was not always evident that the sampling cup only
contained sample from the current position. Most of the plugging issues were resolved by
changing the sampling standard operating procedures (SOP). Instead of turning off the sampling
flow while moving the probe, this was left on and a temporary sampling cup connected to the
cyclone dust outlet. Thus, the probe tip would not fill particles whose momentum carried them
into the probe. Once the probe was in position, the sample cup was exchanged with a new cup
and sampling time was started. There still were some positions where a partial plug occurred
during sampling and these positions were noted so the sampling rate will not be used in the
determination of particle loading throughout the flame region.
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4.2.4

In-flame FT-IR Spectroscopic Measurement System

Simultaneous temperature and some major gas composition determinations can be
performed using this non-contact molecular emission technique. Measurements like those
performed in a hot gas cell facility can be obtained with this technique developed at Risø DTU.
The probe head is setup as shown in Figure 4.16. An optical mount is positioned near the end of
the probe that focuses emission signals into an infrared fiber. The signal is carried through the
fiber to an ABB/Bomem model MB155 FT-IR spectrometer. The spectrometer operates at 2
hertz with a spectral resolution of 2 cm-1. Calibration is done at room temperature (25 °C) and
with a black body set at 900 °C + 3 °C.
A ceramic protection tip is screwed onto the end of the probe. This both protects the optics
from the immense radiative heat flux within the flame and keeps the optics clean and
undamaged. The cold beam stop, which is water-cooled to between 25-50 °C, is adjustable
providing variable path length (distance between ceramic tip end and cold beam stop). The cold
beam stop is coated with at least 3 layers of high-temperature, non-reflective, black paint which
gives it an emissivity very close to 1 so the signal received (after calibration), is only from the
gas and particles in the path length. The mean particle temperature can be found from the
emittance spectrum from a best fit with a grey body in regions without gas bands (Bak &
Clausen, 2002). Gas and particle temperature as well as CO2, CO, H2O, NH3, HCN, NO, and
UHC concentration levels will be measured.
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Figure 4.16. A cross-sectional view of the probe head: a, infrared fiber; b, water-cooled
stainless steel probe; c, optical mount; d, ceramic protection tube; e, water-cooled beam
stop. The optical path (dotted line) and optimum flow direction towards the measuring
volume is indicated by the arrow. Copied from (Bak & Clausen, 2002).

Figure 4.17. Probe end for the in-flame IR measurement technique. Probe is positioned in
boiler so water supply/return lines to cold beam stop are on the leeward side.

4.2.5

Gas Extraction System

The 7-meter probe used for gas extraction contains 2 return water annuli. The gas
extraction line is a 2 mm ID Teflon tube inside a 4 mm ID SS tube contained within one of the
return water annuli. By controlling return water flow, this annulus can be maintained just below
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the water boiling point. This elevated temperature and Teflon tube prevent NH3 from adsorbing
on the lining wall. The gas is delivered to a heated filter box and then to the gas sampling bench
in a heated Teflon sampling line maintained at 150 °C by electronically controlled heaters. In the
filter box, a relatively large surface area thimble filter having a retention grade of 1 µm
simultaneously filters large and fine particles and prevents contamination of the rest of the
system as shown in Figure 4.18.

Figure 4.18. A thimble filter with storage container (left) and heated filter box (right)

Two 50 cm long gas cells for simultaneous UV/IR-absorption measurements, a
sophisticated paramagnetic oxygen analyzer (SIEMENS OXYMAT 6), calibrated mass-flow
controllers, a pressure gauge and a pump control pressure and gas flow and record gas
compositions. The data acquisition system continuously records the main sampling parameters,
including sampling gas flow, gas temperature, gas pressure in the UV/IR gas cells, and oxygen
concentration. A Bomem MB100 FTIR spectrometer with a built-in IR light source and external
DTGS detector records IR-absorption measurements. Spectra averaging provide an effective
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sampling rate of 0.07 Hz. A highly-stable D2-lamp provides a light source for UV absorption
measurements. An Acton SP-500i spectrometer equipped with a UV-enhanced CCD camera
(CCD PIXIS:100 UV back illuminated) records UV-absorption spectra. The sampling rate is
0.09 Hz (Hvid, Giselsson, Fateev, Clausen, & Kær, 2009).
UV adsorption spectroscopy measures SO2, NO, NH3, CH4, and PAH concentrations,
whereas IR absorption spectroscopy measures H2O, CO2, CO, NO and SO2/SO3 concentrations.

Figure 4.19. A general view of the movable gas measurement bench used during
measurements at SSV4 unit.
4.2.6

In-flame UV Spectroscopic Measurement System

The in-flame UV spectroscopic method will be used to determine gas temperature and NO,
SO2, CH4, and PAH concentration levels. Similar to the non-contact FT-IR measurements, a
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probe head (Figure 4.20 and Figure 4.21) has been designed at Risø that allows for a welldefined path length and focuses the signal into a fiber optic cable, which transmits the signal to
an Acton SP-500i spectrometer. However, this method is based on atomic absorption. A D2 lamp
is used as the source and placed in the end of the probe head. The signal is focused by lenses in
the optical mount, placed on the probe side, into a fiber optic cable and carried to the UV
spectrometer. The spectrometer collects spectra at 173.4 Hz. A reference spectrum is obtained on
the D2 lamp source in ambient air (25°C).

Figure 4.20. UV head showing D2 lamp in far end. Probe is positioned in flow so gas flows
through the opening.
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Figure 4.21. UV head with transparent cover.
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5

DEVELOPMENT OF BURNOUT CALCULATION FOR MIXED SAMPLE

The particulate samples collected throughout the near-burner flame region in this project
are a blend of partially combusted biomass and coal. The objectives of the particulate sampling
effort were to determine the flow pattern of the biomass and coal particles, the mass release
history of both fuels, and individual and total burnout at each location. This chapter describes the
method by which these objectives are met.
Properties of blended fuels depend on the weighted averages of the properties of the
individual fuels and cannot be determined by the equations used for pure fuels. That is, overall
particle burnout, elemental mass release, the fraction of each fuel in a sample, and similar
particle-related properties, do not follow simple extensions of the equations for pure fuels. These
properties require mass fraction estimates for one or two refractory components in each fuel
fraction.
In many disciplines, determination of the source of particulates is a classic problem. For
example, samples of PM pollutants in the atmosphere are regularly captured and analyzed. With
a knowledge of chemistry from known sources, the atmospheric pollutant sample can be traced
to its source(s) and the relative impact of each source can be calculated. This is done by
determining tracer elements that are unique to each source and comparing the concentration of
these tracer elements to the concentration in the sample.
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This technique is also utilized in determining the source of water in a river and calculating
the fraction of flow that originated from each of the tributary. Each tributary flows from a
different area and often unique elements or composition of elements can be found in the silt of
each stream. The tracer method can again be implemented in determining the relative fraction of
flow that originated in each tributary.
A simple tracer method can determine biomass fraction if the burnout is known or
essentially complete, and this technique is utilized when evaluating fouling, slagging, and/or
corrosion in a cofired unit. This technique uses a mass balance for one of the abundant ash
components in each of the fuels to determine the amount of ash from each fuel in the sample. In
all cases, this analysis is performed on deposit or ash samples where burnout is complete.
This method is simplified because the composition of the source particulate is assumed to
remain constant. However, when the composition is not constant, such as during combustion of
fuels, the calculations are not straight forward. A literature search returned no previous
derivations for calculation of the fraction of a reacting sample that came from different sources
or the individual burnout of each component. Few investigations attempted to collect particles in
the near-burner region. Of those that did, the effect of biomass was calculated by comparing the
burnout of a combined sample to that collected at the same location for a coal flame. An
assumption was made that the biomass and coal were well-mixed so the fraction of biomass to
coal was the same at every sampling location. In practice, the biomass fuel particle size exceeds
that of coal and substantial separation of fuels should be expected. Therefore, these calculations
are necessary and the first of their kind for combustion applications.
The following equations provide estimates of the fraction of each fuel in a sample, overall
and individual fuel burnout, and elemental mass release. The particle type is indicated by
55

subscripts b (biomass), c (coal), or s for overall sample. Subscripts 1 and 2 indicate
species/elements 1 and 2. The discussion uses the term component to distinguish coal and
biomass, sometimes using a subscript k, and the term species to distinguish the refractory
materials, using subscripts i and j, which would normally include silicon, aluminum, titanium,
iron, calcium, etc. The term “elements” refers to reactive (non-refractory) materials such as C, O,
H, N, S, Cl, and possibly some of the inorganic materials, and uses a subscript m.

Fuel Fraction in Sample
This derivation describes the analysis of a sample containing partially reacted biomass and
coal, but could be extended to other applications with mixed samples whose composition change
with time. To evaluate the flow pattern or mass release of each particle type individually, the
biomass fraction, or coal fraction, must be known. The biomass fraction represents the mass
fraction in the total sample or the fraction of ash that originated in biomass.
The biomass fraction could represent the mass fraction of the sample that is biomass (or
originated in biomass). This must be known to calculate the burnout of coal and biomass
independently. Alternatively, the biomass ash fraction represents the mass fraction of the sample
ash that originated as biomass. Biomass and coal burnout differ markedly and as burnout
proceeds, the ash fraction of each fuel increases. This makes it impossible to determine the
fraction of the sample that originated as biomass based on the total sample composition and the
initial fuel compositions.
It is possible to determine the amount of the ash that originated as biomass and coal with
some appropriate assumptions. If the initial mass fraction of ash is independent of particle size
and the mass sampling rate is recorded at each sampling location, the mass flux of biomass and
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coal ash can be computed. This data is useful in tracking ash and determining ash deposit
composition, for example. However, the biomass ash fraction does not provide any information
about the total split of biomass and coal at a location nor can it be used to calculate burnout.

5.1.1

Biomass Ash Fraction

For 𝑥𝑥𝑖𝑖,𝑗𝑗_𝑎𝑎𝑎𝑎ℎ representing the mass fraction of element 𝑖𝑖 (Al, Si, Ca, etc.) in the ash of

material 𝑗𝑗 (𝑠𝑠 means sample, 𝑏𝑏 means biomass, and 𝑐𝑐 means coal) and 𝑀𝑀𝑗𝑗_𝑎𝑎𝑎𝑎ℎ representing the

total mass of ash of material 𝑗𝑗, with the same subscript definitions, then a mass balance on any
element indicates

𝑥𝑥𝑖𝑖,𝑠𝑠_𝑎𝑎𝑎𝑎ℎ 𝑀𝑀𝑠𝑠_𝑎𝑎𝑎𝑎ℎ = 𝑥𝑥𝑖𝑖,𝑏𝑏_𝑎𝑎𝑎𝑎ℎ 𝑀𝑀𝑏𝑏_𝑎𝑎𝑎𝑎ℎ + 𝑥𝑥𝑖𝑖,𝑐𝑐_𝑎𝑎𝑎𝑎ℎ 𝑀𝑀𝑐𝑐_𝑎𝑎𝑎𝑎ℎ
or

𝑥𝑥𝑖𝑖,𝑠𝑠_𝑎𝑎𝑎𝑎ℎ = 𝑥𝑥𝑖𝑖,𝑏𝑏_𝑎𝑎𝑎𝑎ℎ

𝑀𝑀𝑏𝑏_𝑎𝑎𝑎𝑎ℎ
𝑀𝑀𝑠𝑠_𝑎𝑎𝑎𝑎ℎ

+ 𝑥𝑥𝑖𝑖,𝑐𝑐_𝑎𝑎𝑎𝑎ℎ

𝑀𝑀𝑐𝑐_𝑎𝑎𝑎𝑎ℎ

(5-1)
(5-2)

𝑀𝑀𝑠𝑠_𝑎𝑎𝑎𝑎ℎ

where the fractions represent the mass fraction of the ash in the sample originating from material
j, fj_ash.
These equations accurately describe relationships for any inorganic element 𝑖𝑖 at any time

or stage of the combustion process. This presumes that the element does not vaporize or

otherwise leave the sampled particles, and it presumes that the fraction of 𝑖𝑖 does not vary with
particle size for either coal or biomass. The first assumption is valid for species such as

aluminum, silicon, and calcium, but less so for potassium or sodium in the biomass case. The
second assumption is questionable for both the coal and the biomass, but it is generally not
possible to know how the compositions vary with size, so it is a necessary assumption.
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If one presumes that the amount of ash that vaporizes or otherwise leaves the fuel particles
from which the sample originated is negligible, then
𝒙𝒙𝒊𝒊,𝒋𝒋_𝒂𝒂𝒂𝒂𝒂𝒂 = 𝒙𝒙𝟎𝟎𝒊𝒊,𝒋𝒋_𝒂𝒂𝒂𝒂𝒂𝒂

(5-3)

where 𝑗𝑗 represents the fuel source.

Using this expression, equation 5-2 can be rewritten as:
𝒙𝒙𝒊𝒊,𝒔𝒔_𝒂𝒂𝒂𝒂𝒂𝒂 = 𝒙𝒙𝟎𝟎𝒊𝒊,𝒃𝒃_𝒂𝒂𝒂𝒂𝒂𝒂 𝒇𝒇𝒃𝒃_𝒂𝒂𝒂𝒂𝒂𝒂 + 𝒙𝒙𝟎𝟎𝒊𝒊,𝒄𝒄_𝒂𝒂𝒂𝒂𝒂𝒂 𝒇𝒇𝒄𝒄_𝒂𝒂𝒂𝒂𝒂𝒂

(5-4)

where 𝑓𝑓𝑏𝑏_𝑎𝑎𝑎𝑎ℎ is the mass fraction of sample ash originating in the biomass. Since biomass and

coal are the only two sources of ash, 𝑓𝑓𝑐𝑐_𝑎𝑎𝑎𝑎ℎ = 1 − 𝑓𝑓𝑏𝑏_𝑎𝑎𝑎𝑎ℎ . Using this expression, one can solve
for the fraction of ash that originated in biomass
𝒇𝒇𝒃𝒃_𝒂𝒂𝒂𝒂𝒂𝒂 =

𝟎𝟎
𝒙𝒙𝒊𝒊,𝒔𝒔_𝒂𝒂𝒂𝒂𝒂𝒂 −𝒙𝒙𝒊𝒊,𝒄𝒄_𝒂𝒂𝒂𝒂𝒂𝒂

(5-5)

𝟎𝟎
𝒙𝒙𝟎𝟎𝒊𝒊,𝒃𝒃_𝒂𝒂𝒂𝒂𝒂𝒂 −𝒙𝒙𝒊𝒊,𝒄𝒄_𝒂𝒂𝒂𝒂𝒂𝒂

The mass fractions of i in the sample ash and the original fuel ash are known. This
expression assumes that none of the ash either vaporizes or otherwise leaves from the original
fuel. This assumption is not completely accurate as some inorganic species do volatilize, with
sodium and potassium volatilizing to the greatest extent. However, the extent of volatilization of
these species may be, at most, a few percent of total ash and the extent of volatilization of other
inorganics is typically below 1%. Most inorganic volatiles recondense on ash particles as they
cool downstream and should also condense on captured particles in the quenching probe.

5.1.2

Biomass Fraction

It is not possible to calculate the biomass fraction given only the composition of the sample
and original fuels. However, by utilizing the differences in properties of biomass and coal, the
sample can be physically separated to some extent into each portion. For instance, differences in
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density and/or aspect ratios will result in differences in aerodynamics in flow. It is possible to
build a settling separator where particles are gently blown into the system and are separated into
different collection bins based on the distance they travel through the unit before settling out. A
major disadvantage of this type of separator is that it requires a large surface area, so a
significant fraction of the sample can be lost in the system. Due to the time required to collect
sample, it is not unusual that the sample size is smaller than what is recommended to complete
approved lab analyses. Any loss of sample will only increase the potential error in the lab
analysis.
Alternatively, the sample can be separated purely by particle size. In lab tests, only a small
amount of fuel is used, so biomass is often pulverized to similar sizes as the coal. However, in
typical industrial practice, pulverized biomass is significantly larger than coal. Biomass is less
friable than coal, so it tends to smash and deform in the mill rather than shatter into smaller
pieces. This results in potential plugging in the mill and requires significant more energy to
pulverize to the same size as coal. This extra energy must be accounted for and results in an
efficiency decrease. Biomass is, therefore, typically larger than coal which was the case in this
project.
Each sample was separated by size into two fractions using a 250-micron sieve. This sieve
size was chosen because 100% of the raw coal particles have diameters <250 microns and >90%
of the raw biomass is larger than 250 microns. Therefore, all the sample in the >250-micron
portion is biomass, assuming the mass fraction of small coal particles that may stick to the large
biomass particles is negligible. The total biomass fraction of the sample can then be calculated
by the following methods:
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1. The biomass fraction is approximated simply as the weight fraction in the larger
split as most of the raw biomass fuel was in this split.
2. The estimate above could be improved by increasing it by the fractional amount of
raw biomass that is known to be below the size cut.
3. A more rigorous estimate could be made by approximating the expected biomass
size distribution at every point based on the burnout of the larger particles and
using literature data to estimate how the particle diameter changes during
devolatilization and char burnout. The biomass fraction in the small sample may
increase using this approximation and will be added to the fraction in the large
sample.
This project uses the second method. Every sample collected in the near-burner flame was
still in the devolatilization stage. In fact, the volatile content of the large particles for every
sample except for one was >50%. Laboratory tests and the research in the gasification portion of
this project show that high-volatile biomass may lose 90% of its mass during devolatilization but
the particle diameter may only change by 10%. Therefore the decrease in particle sizes is
relatively small. The biomass fraction, 𝑓𝑓𝑏𝑏 , was approximated as:
𝒇𝒇𝒃𝒃 = 𝒇𝒇𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 �𝟏𝟏 + 𝒓𝒓𝒃𝒃,𝒔𝒔 �

(5-6)

where 𝑓𝑓𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the mass fraction of sample in the >250 micron portion and 𝑟𝑟𝑏𝑏,𝑠𝑠 is the ratio of the

mass of raw biomass that is smaller than 250 microns to mass that is larger than 250 microns.
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Overall and Component Burnout
Fuel burnout, 𝑏𝑏, can be defined in two ways. It can be defined as the percent mass release

of the dried fuel. In this instance the maximum burnout is limited by the percent ash (dry basis)
in the original fuel. Alternatively, burnout could be defined as the percent mass release of the
fuel on a dry, ash-free (daf) basis. For this project, the former definition is used as follows:
𝒃𝒃 = 𝟏𝟏 −

𝒙𝒙𝟎𝟎𝒊𝒊

(5-7)

𝒙𝒙𝒊𝒊

where 𝑖𝑖 can represent ash in the fuel or an individual, refractory species in the ash that will not
volatilize or otherwise leave the fuel. For a mixed sample, the overall burnout is the massweighted burnout of each component. That is,
𝑏𝑏 = 𝑓𝑓𝑏𝑏 𝑏𝑏𝑏𝑏 + 𝑓𝑓𝑐𝑐 𝑏𝑏𝑐𝑐 = 𝑓𝑓𝑏𝑏 �1 −

0
𝑥𝑥𝑏𝑏,𝑖𝑖

𝑥𝑥𝑏𝑏,𝑖𝑖

0
𝑥𝑥𝑐𝑐,𝑗𝑗

� + (1 − 𝑓𝑓𝑏𝑏 ) �1 − 𝑥𝑥 �
𝑐𝑐,𝑗𝑗

(5-8)

where the same subscript conventions as earlier apply and 𝑖𝑖 and 𝑗𝑗 represent any refractory

species and may be, but need not be, the same species in the coal and the biomass. However, the
ratio of the initial and current values must be for the same species in each component.
The overall burnout varies with particle location and other conditions. These equations
provide estimates of this spatial variation in addition to the arguably more interesting variation of
burnout at a single location for each fuel component. That is,
𝑏𝑏𝑘𝑘 = 1 −

0
𝑥𝑥𝑘𝑘,𝑖𝑖

(5-9)

𝑥𝑥𝑘𝑘,𝑖𝑖

where 𝑘𝑘 can be the biomass or coal component and 𝑖𝑖 can be any refractory species. Although this
equation is valid for each fuel component, the overall burnout cannot be estimated by the same
equation that is normally used for a pure fuel. That is,
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𝑏𝑏 ≠ 1 −

𝑥𝑥𝑖𝑖0

(5-10)

𝑥𝑥𝑖𝑖

This becomes apparent when considering that the ratio of measured values of

𝑥𝑥𝑖𝑖0
𝑥𝑥𝑖𝑖

can vary

significantly with the fraction of a fuel component in the sample and independent of the burnout
of either component of the fuel or of the overall sample. However, this equation would be valid
if the two fuels did not segregate in the boiler such that every particle sample contained the same
fractions of each fuel component as is fired in the burner. Therefore, the difference between this
computed value and the more rigorous estimate of burnout indicated earlier provides a measure
of the segregation of the fuel types in the boiler. The fractions 𝑓𝑓𝑏𝑏 and 𝑓𝑓𝑐𝑐 provide more

quantitative and straightforward estimates of the fuel segregation at each sampling point.

Species Mass Fractions in Each Component
The mass fraction of species 𝑖𝑖 must be known at each point to calculate the burnout of each

component at any sampling location. A species mass balance determines the mass of species 1 in
the sample as

(5-11)

𝑚𝑚1 = 𝑚𝑚𝑥𝑥1 = 𝑚𝑚𝑏𝑏 𝑥𝑥𝑏𝑏,1 + 𝑚𝑚𝑐𝑐 𝑥𝑥𝑐𝑐,1

⇒ 𝑥𝑥1 = 𝑓𝑓𝑏𝑏 𝑥𝑥𝑏𝑏,1 + 𝑓𝑓𝑐𝑐 𝑥𝑥𝑐𝑐,1 = 𝑓𝑓𝑏𝑏 𝑥𝑥𝑏𝑏,1 + (1 − 𝑓𝑓𝑏𝑏 )𝑥𝑥𝑐𝑐,1

(5-12)

where 𝑓𝑓𝑏𝑏 ≡ 𝑚𝑚𝑏𝑏 /𝑚𝑚 is the biomass mass fraction in the sample and 𝑓𝑓𝑐𝑐 is the coal mass fraction.
Similarly, the second component sample mass fraction is

(5-13)

𝑥𝑥2 = 𝑓𝑓𝑏𝑏 𝑥𝑥𝑏𝑏,2 + (1 − 𝑓𝑓𝑏𝑏 )𝑥𝑥𝑐𝑐,2
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The values 𝑥𝑥𝑖𝑖 are known (measured) values based on the sample. The relative fractions of

two species in biomass and separately in coal do not vary, namely
𝑥𝑥𝑏𝑏,1

𝑟𝑟𝑏𝑏,12 ≡

𝑥𝑥𝑏𝑏,1 +𝑥𝑥𝑏𝑏,2

𝑟𝑟𝑐𝑐,12 ≡

0
𝑥𝑥𝑐𝑐,1
0
0
𝑥𝑥𝑐𝑐,1 +𝑥𝑥𝑐𝑐,2

=

0
𝑥𝑥𝑏𝑏,1

0
0
𝑥𝑥𝑏𝑏,1
+𝑥𝑥𝑏𝑏,2

=1−

𝑥𝑥𝑏𝑏,2

𝑥𝑥𝑏𝑏,1 +𝑥𝑥𝑏𝑏,2

= 1 − 𝑟𝑟𝑏𝑏,21

(5-14)

(5-15)

where superscript 0 indicates properties of the initial fuel and the subscript 12 represents unity

minus the subscript 21. The invariance of these relative fractions with burnout stems from mass
conservation and may be most obvious when considering their reciprocals. The reciprocal is

unity plus the ratio of any two refractory species. This ratio remains constant with burnout, so the
ratio plus unity and the reciprocal of this sum also remain constant. This relative fraction avoids
a division by zero if one of the species is absent in one component of the fuel.
These four equations yield the following solutions for the mass fractions of each species in
each fuel component
𝑥𝑥𝑏𝑏,1 =

𝑟𝑟𝑏𝑏,12 ��1−𝑟𝑟𝑐𝑐,12 �𝑥𝑥1 −𝑟𝑟𝑐𝑐,12 𝑥𝑥2 �
𝑓𝑓𝑏𝑏 �𝑟𝑟𝑏𝑏,12 −𝑟𝑟𝑐𝑐,12 �

=

𝑟𝑟𝑏𝑏,12 �𝑟𝑟𝑐𝑐,12 (𝑥𝑥1 +𝑥𝑥2 )−𝑥𝑥1 �
𝑓𝑓𝑏𝑏 �𝑟𝑟𝑐𝑐,12 −𝑟𝑟𝑏𝑏,12 �

(5-16)

𝑥𝑥𝑏𝑏,2 =

(1−𝑟𝑟𝑏𝑏,12 )(𝑟𝑟𝑐𝑐,12 (𝑥𝑥1 +𝑥𝑥2 )−𝑥𝑥1 )

(5-17)

𝑥𝑥𝑐𝑐,1 =

𝑟𝑟𝑐𝑐,12 �𝑟𝑟𝑏𝑏,12 (𝑥𝑥1 +𝑥𝑥2 )−𝑥𝑥1 �

(5-18)

𝑥𝑥𝑐𝑐,2 =

(1−𝑟𝑟𝑐𝑐,12 )(𝑟𝑟𝑏𝑏,12 (𝑥𝑥1 +𝑥𝑥2 )−𝑥𝑥1 )

(5-19)

𝑓𝑓𝑏𝑏 �𝑟𝑟𝑐𝑐,12 −𝑟𝑟𝑏𝑏,12 �

(1−𝑓𝑓𝑏𝑏 )�𝑟𝑟𝑏𝑏,12 −𝑟𝑟𝑐𝑐,12 �

(1−𝑓𝑓𝑏𝑏 )(𝑟𝑟𝑏𝑏,12 −𝑟𝑟𝑐𝑐,12 )
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These equations give meaningful results so long as species 1 and 2 are refractory, as

previously stated, and if (a) there is a measurable fraction of each species in at least one fuel
component, and (b) the relative mass fractions in the components differ. The estimates generally
become more accurate the larger the difference in the relative mass fractions between the fuel
components. This project uses Al and Si. Al is almost always a good tracer component when
comparing coal to biomass. Aluminum is usually the second most abundant inorganic element in
coal after silicon. Aluminum is, however, toxic to plants and will not be taken up by plants but
instead often inhibit growth (Panda, Baluska, & Matsumoto, 2009). Therefore, the only
aluminum in biomass comes from dirt that may be collected with the fuel, which is small in this
case. The analysis uses the measured coal and biomass ash compositions and does not assume Al
is 0 in the biomass.

Elemental Mass Fraction
The measured non-refractory elements in each sample size, such as C, H, O, N, S and some
ash components, should provide a measure of the fractional release of that element for biomass
and coal. These, too, can be checked by similar balances. That is, for a non-refractory element 𝑖𝑖

(5-20)

𝑥𝑥𝑖𝑖 = 𝑓𝑓𝑐𝑐 𝑥𝑥𝑐𝑐,𝑖𝑖 + 𝑓𝑓𝑏𝑏 𝑥𝑥𝑏𝑏,𝑖𝑖

In principal, all these quantities are known. In practice, any one of them could be
calculated from this expression. For example,
𝑥𝑥𝑐𝑐,𝑖𝑖 =

𝑥𝑥𝑖𝑖 −𝑓𝑓𝑏𝑏 𝑥𝑥𝑏𝑏,𝑖𝑖
𝑓𝑓𝑐𝑐

=

𝑥𝑥𝑖𝑖 −𝑓𝑓𝑏𝑏 𝑥𝑥𝑏𝑏,𝑖𝑖

(5-21)

1−𝑓𝑓𝑏𝑏

The following expression indicates the fraction of this non-refractory material that has
been released from the fuel. The biomass fuel fractional release, 𝑟𝑟𝑏𝑏,𝑖𝑖 as given by
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𝑟𝑟𝑏𝑏,𝑖𝑖 = 1 −

𝑚𝑚𝑏𝑏 𝑥𝑥𝑏𝑏,𝑖𝑖
0 0
𝑚𝑚𝑏𝑏
𝑥𝑥𝑏𝑏,𝑖𝑖

=1−

𝑚𝑚𝑏𝑏 𝑥𝑥𝑏𝑏,𝑖𝑖
0 0
𝑚𝑚𝑏𝑏
𝑥𝑥𝑏𝑏,𝑖𝑖

= 1 − (1 − 𝑏𝑏𝑏𝑏 )

𝑥𝑥𝑏𝑏,𝑖𝑖
0
𝑥𝑥𝑏𝑏,𝑖𝑖

(5-22)

This fractional mass release, 𝑟𝑟𝑏𝑏,𝑖𝑖 , differs from the definitions of the relative fuel properties

𝑟𝑟𝑏𝑏,12 above. The non-refractory component mass fractions will from this point be represented by
𝑦𝑦 and the refractory components by 𝑥𝑥 to avoid confusion. The fractional release of a nonrefractory species from each fuel component in this nomenclature becomes
𝑟𝑟𝑏𝑏,𝑖𝑖 = 1 −
𝑟𝑟𝑐𝑐,𝑖𝑖 = 1 −

0
𝑥𝑥𝑏𝑏,𝑖𝑖
𝑦𝑦𝑏𝑏,𝑖𝑖
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0
𝑥𝑥𝑐𝑐,𝑖𝑖
𝑦𝑦𝑐𝑐,𝑖𝑖

(5-24)

0
𝑥𝑥𝑏𝑏,𝑖𝑖 𝑦𝑦𝑏𝑏,𝑖𝑖
0
𝑥𝑥𝑐𝑐,𝑖𝑖 𝑦𝑦𝑐𝑐,𝑖𝑖

The overall fractional release of a non-refractory species becomes
𝑟𝑟𝑖𝑖 = 𝑓𝑓𝑏𝑏 𝑟𝑟𝑏𝑏,𝑖𝑖 + (1 − 𝑓𝑓𝑏𝑏 )𝑟𝑟𝑐𝑐,𝑖𝑖 ≠ 1 −

𝑥𝑥𝑖𝑖0 𝑦𝑦𝑖𝑖

(5-25)

𝑥𝑥𝑖𝑖 𝑦𝑦𝑖𝑖0

These equations allow a quite thorough analysis of the fuel behavior, both jointly and
separately, based on sampled particle properties. Specifically, these equations provide estimates
for the overall burnout, the overall elemental releases, and for these same properties for the
biomass and the coal fractions separately and for every elemental species in each of the fuels
separately.
The ash composition may vary with size within any fuel component. The equations here
provide only the overall fuel behavior, not the size-dependent fuel behavior. This is a necessary
simplification because there was not enough sample to separate into many size fractions and
analyze individually. The analyses discussed in the results explore this overall fuel behavior as a
function of position in front of a burner.
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6

EXPERIMENTAL SET-UP FOR DETAILED GASIFICATION EXPERIMENTS

The single particle reactor and its associated experimental techniques include several
unique and innovative approaches for determining particle reactivity. Specifically, particle
reactivity depends critically on temperature, size, and shape and these facilities provide means of
measuring these properties, together with mass loss, as continuous functions of time. The single
particle reactor was primarily built and used by previous students to measure combustion
kinetics of biomass and black liquor. Improvements were made to this system to minimize air
leakage and measure off-gases to perform the devolatilization and gasification experiments. This
section provides details of the system with emphasis on the modifications made during this
research program.

Single Particle Reactor
A single particle reactor with the same optical access features as the entrained-flow reactor
was designed and built by Ip (Ip, 2005) and modified by Lu (Lu H. , et al., 2009; Lu H. , et al.,
2010). More detailed descriptions of this facility are in these references. Here, only the essential
characteristics and major changes made for this investigation are summarized.
Figure 6.1 schematically illustrates the reactor used to generate the gasification data. Note
that the view port opposite the mass balance is in plane with the page but the other 4 view ports
are rotated 90° and protrude normal to the page. Biomass particles of both canonical (flat,
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cylindrical, spherical) and irregular shapes rest on a cantilevered probe with a small-diameter (~2
mm) thermocouple threaded through the particle center and a second imbedded on the particle
surface. A specially modified, 5-digit scale monitors the particle mass during the reaction with
resolution and accuracy of ±0.1 and ±0.2 mg, respectively. The device accommodates particle
nominal maximum dimensions as large as 12 mm and as small as 3 mm. A PACE Scientific
(Model XR440) data logger records the thermocouple data during gasification. Particle images
are recorded by three CCD cameras (SVS-285CSL) through optical ports set at orthogonal
angles to each other. The imaging-pyrometer system developed at BYU focuses on the surface
and records physical changes in shape/size and surface temperature data (Lu, Ip et al. 2009).
The procedure synchronizes the independent data acquisition systems for the
thermocouples, mass, and three orthogonal images and initiates data acquisition just prior to the
particle entering the reactor. The particle initially enters the inside of a water-cooled, jacketed
probe and the instrumentation, particularly the scale, equilibrates. After the initial weight
stabilizes, the jacketed probe exits the reactor and the particle is immediately exposed to the
reactor environment. All the data reference this event as the 0 point on the time scales. During
devolatilization, a second thermocouple pressed against the particle surface records particle
surface temperature in addition to the imaging system measurements, the latter commonly unable
to measure the lowest particle temperatures. To reduce the influence of thermal conduction on
surface temperature measurement, a shallow and narrow groove in the particle surface housed
the wire. This second thermocouple sometimes becomes dislodged from the surface during the
late stages of devolatilization as the particle shrinks and therefore does not always provide a
reliable surface temperature during gasification.
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Figure 6.1. Schematic diagram of the single particle reactor where the gas feed stream is a
combination of separately metered N2, Ar, CO2, H2O, and H2 (adapted from (Lu, 2006; Lu
H. , et al., 2010)

A 3-D drawing of the system without the reactor vessel appears in Figure 6.2, illustrating
the essential features of the reactor. Some modifications have been made to the reactor, but the
conceptual design and functionality of the system remain similar. The single particle reactor still
provides time-resolved, simultaneous mass loss, surface and internal temperatures, size, and
shape data during pyrolysis and gasification processes. Compared to the previous designs of Ip,
Roberts, and Lu, the following modifications were made:
1. The heating elements and preheater were replaced as the previous heaters were either
broken or in use on other projects.
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2. Ceramic radiation shields were designed, mold casted, and installed between the heater
elements and the particles to minimize the extent of radiative heating to the bottom of the
particle.
3. The gas flow manifold system was replaced including the addition of metered water to
the pre-heated line so steam could be introduced in the reactor.
4. The reactor vessel was repaired and purged with nitrogen around the reactor exterior to
minimize oxygen penetration through the access ports.
5. Purchase and installation of an Agilent 5975C GC/MS for on-line, real-time
spectroscopic measurements of off gases from the particle.

Figure 6.2. 3-D schematic of the reactor with the reactor wall removed to illustrate the
location of the heating elements, radiation shields, particle position, and optical access
ports.
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The addition of the radiation shields was crucial in improving the quality of gasification
data measured in this reactor. This reactor was previously used for measurements of char
oxidation rates. Char oxidation rates are fast and exothermic such that the particle surface
temperature quickly rises above the heating elements temperature. Therefore, the potential
difference in temperature from the bottom to top of the reactor due to radiation from the heating
elements is minimized. However, gasification reactions are orders of magnitude slower than char
oxidation. Without radiation shields, a large temperature gradient develops across the particle
due to direct radiation from the heaters. This effect was observed in early testing. Therefore, a set
of radiation shields was made and installed to minimize this temperature gradient.

Figure 6.3. Picture of the Single Particle Reactor (SPR). Gases are preheated and flow
through insulated line into reactor on right. Reacting particle is suspended in reactor by 2
thermocouples connected to data loggers sitting on a mass balance on the left. 5 optical
access ports at orthogonal angles with each other allow for simultaneous imaging of the
reacting particle.
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The SPR is displayed in Figure 6.3 with the gas delivering system to the mass spectrometer
displayed in Figure 6.4. The gas chromatograph / mass spectrometer (5975C GC/MS) was
purchased from Agilent Technologies to analyze pyrolysis gases. Additionally, it was used to
constantly monitor the residual oxygen in the reactor.

Figure 6.4. Agilent 5975C GC/MS and gas delivery system to the mass spectrometer. Gases
are heated to around 210°C to prevent condensation of tars. A short, non-activated, fused
silica column passes a sample through the GC and provides pressure drop prior to
entering the MS.
The gas extraction system was designed to efficiently move the off-gases from the particle
into the mass spectrometer. The challenge was to minimize the time required to move the gases
into the MS to prevent diffusion and smearing of the results while having enough transfer line to
produce the pressure drop required. The MS must be operated at <10-5 torr. The pressure drop
was achieved by using a deactivated, fused-silica capillary column (0.1 mm ID x 2.5 m long). A
deactivated column was used to prevent retention of any gases in the column. The column length
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provides sufficient pressure drop for the system and resulted in a 20 second delay. No
measurable mixing was observed in the line.
The maximum operating temperature of the fused silica column is 325°C so it could not be
extended into the SPR reactor. Therefore, gases were pulled from the reactor through a ¼”
SS316 tube using an eductor. A 6” long ceramic tube was attached on the front of the SS line that
extended down into the reactor. The transfer line was insulated and heated to 210°C to prevent
condensation and ended in the GC oven. The fused silica capillary column was threaded through
the annulus of the transfer line so the end of it was upstream of the eductor but far enough
downstream of the reactor to prevent overheating the column. The extraction probe is placed
approximately ½” above the reacting particle.

Samples
Three types of biomass samples were prepared and used in this investigation, poplar,
switchgrass, and corn stover. These represent a woody, herbaceous, and agricultural waste
residue. The proximate and ultimate analysis of these three fuels is reported in Table 6-1. These
fuels provide a good range of ash content, from low-ash poplar (0.55%) to high-ash corn stover
(20%). The range in ash content is important to determine the effect of ash on reactivity, whether
there is a catalytic effect or blockage of active site surface area.
A range of sizes was used in this investigation to determine the effect of size and shape on
the devolatilization and gasification kinetics. The poplar samples were prepared by cutting
sections from poplar dowels. Particle diameters included 1/8”, ¼”, 3/8”, ½”, and 5/8”. Samples
tested included near-spherical particles, aspect ratio (AR) = 1, disc-like particles, AR = ~0.25,
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and cylindrical type particle, AR = 4. Switchgrass and corn stover particles were delivered as
rods of pressed pellets with only a ¼” diameter. The rods were cut to different lengths/AR.

Table 6-1. Proximate and ultimate analysis of the three biomass fuels
Corn Stover

Switchgrass

Poplar

Moisture (wt.%, as rec’d)

6.92

8.42

4.3

Volatiles (wt.%)

67

77.6

89.06

Fixed Carbon (wt.%)

13

18.25

10.39

Ash (wt.%)

20

4.15

0.55

Carbon (wt.%)

49.33

49.51

49.19

Hydrogen (wt.%)

5.53

7.31

6

Nitrogen (wt.%)

0.88

0.52

0.41

Sulfur (wt.%)

0.08

0.08

0

Chlorine (wt.%)

0

0

0.07

Oxygen by diff. (wt.%)

44.18

42.58

44.33

Proximate Analysis (dry)

Ultimate Analysis (DAF)

Figure 6.5. Particle samples from Poplar dowels (left) and cornstover (right) of different
sizes and shapes
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The time-dependent mass loss, surface temperature, and center temperature contribute to
determine reaction kinetics. The CCD camera described above determines the surface
temperature, but only once the particle temperature reaches or exceeds the detection limit.
Thermocouple detection limits fall well below all measured temperatures in this experiment.
Therefore, the data logger measures surface temperature and center temperature, respectively,
with two type B thermocouples in addition to the pixel-by pixel camera measurements. The
center temperature thermocouple rests in a very fine hole drilled through the particle center and
the surface temperature comes from a small divot near the edge of the particle (Figure 6.6).

Figure 6.6. 3/8” poplar particle with thermocouples in the center and just under the surface
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7

RESULTS AND DISCUSSION OF COFIRED MEASUREMENTS

Because of time constraints, a full set of measurements (using all techniques) was only
performed on the SS flame. The temporary wood mill could not be moved to Studstrup so two
25-tonne trucks of pulverized wood were trucked in. The wood was injected directly above the
straw rotary feed valve which then injects the wood through the center burner pipe. At full load,
burner 46 needed to feed 5 tonne/hr biomass, so measurements on this flame were limited to 10
hours. The analysis performed on each flame is displayed in Table 7-1.
Table 7-1. Summary of completed experimental tests
LDA velocity
Gas extraction
Particle Extraction
IR
UV

SS
x
x
x
x
x

LS

Wood

Coal

x

x
x
x

x
x
x

LDA Results of Short Straw/Coal Flame
The Laser Doppler Anemometry (LDA) measured both axial and vertical velocities for the
short straw/coal cofired flame. High-resolution measurements throughout the flame provide flow
details in the near-burner flame region. Time limitations for other flames, maximum of 1 day of
firing, prevented velocity measurements of those flames.
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The results of the measurements are difficult to display and even more difficult to
understand in static figures, as appear here. Figure 7.1 illustrates the sampling grid for the
velocity measurements. The points include locations away from the wall (nearly horizontal axis),
across the burner face (nearly vertical axis), and in the direction of flow from the burner (axis
nearly into the page) where velocities were measured, displayed in the burner flow direction. The
burner is located approximately in the center 100 cm of this measurement block. Probe access
was from the left (as seen here) side of the flow through a narrow slit installed between steam
tubes. The points nearest the burner are about 1.5 m from the burner outlet, or about 1 m from
the boiler front wall, with the burner quarl recessed about 0.5 m into the wall. The points furthest
in the flow direction are approximately at the center of the boiler (about 700 cm from the front
wall). The generally fan-shaped pattern of points results from the physically limited range of
angles at which the probe could be placed because of structural components outside the sampling
window. The measurements along the side of the figure are in cm.
A total of 235 measurement locations are included in the grid, with replicate or nearreplicate measurements at 22 of these points. Most commonly, only two replicates are included,
though there are some points with three and four replicates each. The measurements at replicated
points occurred at significantly different times and provide some measure of data precision.
Table 7-2 summarizes this analysis for the case with four replicated results, which is located at
position (272.32, 38.27, 262.00) in the plots, or at the approximate middle of the diagnostic area.
As seen in the table, the standard deviation of the mean velocities is much smaller than mean of
the measured fluctuations in the flow and typically is about 0.7 m/s for the velocities and 0.25
m/s for their fluctuations. The average ratio of standard deviations of replicated measurements to
velocity-rms values is 0.25 with a maximum ratio of 0.55, seen at a position of low velocities.
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This indicates that the natural velocity fluctuations are greater than deviation of average values
of repeated measurements.

100

300

200

400

200

100

0

100

600
400
200
0

Figure 7.1. 3-D pattern of sampling points from the wall (left) into the boiler. The
measurements represent distances away from the wall (nearly horizontal axis), across the
burner face (nearly vertical axis), and in the direction of flow from the burner (axis nearly
into the page). The measurements along the side of the figure are in cm.

Table 7-2. Statistical analysis of measurements based on four replicated results
Axial Velocity
mean
Std. Dev.
Coef. Variation

8.77
0.60
0.07

Vertical Velocity
3.67
0.78
0.21
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Axial rms
Velocity
5.05
0.21
0.04

Vertical rms
Velocity
5.30
0.35
0.07

With a maximum of four replicated measurements at any one point, there is insufficient
data to determine the type of distribution about the mean. Assuming a normal distribution, 95%
of replicated measurements should fall within 1.96 standard deviations of the mean. For the
location with four replicated measurements for which the data is reported in Table 7-2, with 95%
confidence, an additional measurement should have an axial velocity within 1.17 m/s and a
vertical velocity within 1.52 m/s of the mean. Therefore, for the plots of data that follow, any
differences in velocity greater than ~1.5 m/s between locations is considered significant.
LDA measurements were taken at each axial position corresponding to the port location
(1.22 m, 2.62 m, 4.02 m, and 6.72 m). Through each port, velocities measurements were taken
approximately every 25 cm along a horizontal line normal to the boiler wall. These
measurements therefore extended completed through the flame from burner 46. The
measurement ports were positioned approximately 15 cm higher than the burner centerline and
would be 15 cm above the flame center if it was symmetrical. As will be seen in the following
plots, the flame center was not centered on the burner center and was different at each plane
where measurements were collected.
In addition to measurement points along a horizontal line through the flame, the probe was
tilted up and down as much as possible to collect data throughout a plane parallel to the burner
wall. Figure 7.1 shows the 3-D plot of all measurement points. As seen, the flame region nearest
the boiler wall (Port A) contains less spatially extensive measurements because an external
support beam near this port limited the probe tilt angle.
The following plots display the axial velocities both along the horizontal line through the
flame and as contours in each plane parallel to the burner wall. Axial velocities are positive in
the direction away from the burner wall, which is the overall flow direction of the particles and
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gases from the burner. These are followed by a set of plots for the vertical velocities at each port
location. Vertical velocities are positive in the direction of the top of the boiler, which is the
overall flow direction for the gases in the boiler. In each contour plot, a circle is super-imposed
upon the plot representing the diameter and position of the quarl exit relative to the measurement
locations. This represents the flame center for a symmetric flame. The flames are not symmetric
because (a) there is a substantial upward velocity from the burners below this row of burners, (b)
the burner is next to a wall on one side and another burner on the other side, causing some
asymmetry, (c) the overall gas velocity in the boiler is up since there is no place for gases to exit
in the bottom, and (d) the particles and gases are reacting, so the density of the relatively cool
gases flowing through the burner is much higher than the gases in the boiler but becomes lower
and buoyant as the flame ignites.

7.1.1

Axial Velocity Results

Axial velocities in the plane 1.22 m from the burner exit appear in Figure 7.2. Positive
velocities indicate flow away from the burner. Boiler structural support beams restrict upward
and downward probe tilt, so the data only include the middle portion of the flame. These data
successfully capture the axial profile expected near a swirl-stabilized flame. There is a strong
internal recirculation zone (IRZ) near the center of the flame with reverse velocities approaching
18 m/s. The IRZ is surrounded by swirling tertiary air. Based on a CFD simulation performed by
Dong Energy prior to this project, this air exits the quarl with maximum velocities of >75 m/s.
This stream quickly slows downs as it expands into the boiler. However, the measured velocities
as high as 35 m/s persist at a depth of 1.22 m into the furnace. Additional negative velocities up
to 4 m/s are seen next to the wall. These velocities represent an external recirculation zone
surrounding the base of the burner, a common feature of such systems.
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Figure 7.2. Axial velocities at 1.22 meters from quarl exit. Notice high reverse velocities of 14 m s-1 in the internal recirculation zone (IRZ). Also high velocities seen from tertiary air
around IRZ.

Figure 7.3. Axial velocities along horizontal line approximately 1.22 meters from quarl exit
and 15 cm above the center of the burner.

Axial velocities along the horizontal line parallel to the burner wall and 15 cm above the
burner centerline at a distance of 1.22 m into the furnace clearly show the velocity profile of a
swirl-stabilized flame (Figure 7.3). A strong negative velocity at the flame center has a peak
velocity of approximately 18 m/s. This is surrounded by strong positive velocities of 30-35 m/s
representing the axial component of the swirling tertiary air. Negative velocities occur near the
wall as expected because of the mostly stagnant corner where the measurement port wall and
burner wall meet. Velocities also slow down to the right of the flame but are not negative at this
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distance from the burner, presumably because of influence of the neighboring burner. The
centerline between burners 46 and 45 is approximately 350 cm from the port wall. Burners
generally generate some recirculation near the burner wall, but to the right of the burner it does
not extend very far into the furnace, probably because of the interaction with the neighboring
burner.

Figure 7.4. Axial velocities at 2.62 meters from quarl exit. Higher velocities are still evident
in tertiary air region with lower velocities in the center.
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The reverse flow region next to the side wall dissipates prior to Port B, located 2.62 meters
from the quarl exit (Figure 7.4). The IRZ still exists, albeit significantly weaker, with negative
velocities of nearly 3 m/s measured. The IRZ drops about 80 cm and forms to the right of the
burner center line. The tertiary air axial velocity has slowed considerably, with maximum
velocities up to 20 m/s in this plane. The tertiary air still surrounds the IRZ as shown in the data
from the upper portion of the flame.
As the center of the flame has dropped significantly, the horizontal line from this port does
not cut through the IRZ, as seen in Figure 7.5. The velocity is lower in the center as it is nearer
the shear plane between the IRZ and high velocity swirling tertiary air. The tertiary air to the
right of the burner has higher axial velocities than to the left near the side-wall, presumably
because the burner center is 2.25 m from the sidewall but only 1.26 m from the centerline
between burner 46 and burner 45. The flow patterns between the two burners should be
reasonably symmetric, so axial velocities to the right of the burner must be higher than those to
the left.

Figure 7.5. Axial velocities along horizontal line approximately 2.62 meters from quarl exit
and 15 cm above the center of the burner.
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The internal recirculation zone ends about 4 meters into the boiler (Figure 7.6). The axial
velocities approach 0 m/s in the burner centerline. There is only a small negative velocity near
the bottom left region of the measurement area. Large axial velocities occur both to the right and
left of the flame center. The axial velocities along the horizontal line reflect the same behavior
(Figure 7.7). Axial velocities of 0-4 m/s appear near the centerline with relatively high velocities
of 14-15 m/s both near the wall and near the centerline between the burners.

Figure 7.6. Axial velocities 4.02 meters from quarl exit. This appears to be the end of the
IRZ.
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Figure 7.7. Axial velocities along horizontal line approximately 4.02 meters from quarl exit
and 15 cm above the center of the burner.

Velocities at the center plane of the boiler (6.72 m) were measured from port D and the
axial velocities are plotted in Figure 7.8 and Figure 7.9. Axial velocities are generally very low.
An axial velocity of ~14 m/s was measured near the wall and ~10 m/s measured to the right of
the flame. As described above, this is an opposed wall-fired boiler. If fired evenly, to each row of
burners, the axial velocities near the center should all be nearly 0. However, during this test, only
burner row 40 were held constant. The other three burner rows varied throughput based on
demand so there was not equal flow from burner 36 opposite of this burner. Additionally, burner
46 was modified to cofire straw just for this test whereas the adjacent burners (45 and 36) fired
coal only. For all these reasons, it was not anticipated that the velocities at the boiler center
would show symmetry. Data from this plane is most affected by the operation of other burners.
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Figure 7.8. Axial velocities at 6.72 meters from quarl exit (center of the boiler). Low
velocities expected since opposing flame regions meet at center of boiler.
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Figure 7.9. Axial velocities along horizontal line in the center of the boiler approximately
6.72 meters from quarl exit and 15 cm above the center of the burner.

7.1.2

Vertical Velocity Results

The vertical velocities measured in each plane and along each horizontal line were plotted
up in a similar fashion to the axial velocities. Figure 7.10 displays a contour plot of the vertical
velocities and Figure 7.11 displays vertical velocities along a horizontal line that is 1.22 meters
from the quarl exit. The center of the flame has near 0 m/s velocities, surrounded by swirling
flow. The counter-clockwise swirl of the tertiary air is evident with velocities of 9 m/s to the
right and -5 m/s to the left of center. All velocities outside of the tertiary jets are positive as
would be expected due to the general upward flow from the lower burners towards the top of the
furnace.
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Figure 7.10. Vertical velocities 1.22 meters from quarl exit. Tertiary air swirl is counterclockwise and clearly seen from data.

Figure 7.11. Vertical velocities along horizontal line approximately 1.22 meters from quarl
exit and 15 cm above the center of the burner.

At a depth of 2.62 meters, most of the swirl in the tertiary air has died out, as shown in
Figure 7.12 and Figure 7.13. All velocities are positive and range from ~3-9 m/s again showing
lift due to the general upward movement of gas in the furnace. Burners 45 and 46 have opposite
swirl so both swirl upward at the interface between the burners. If significant swirl still existed at
this point, the highest vertical velocities would be expected in the 350-400 cm depth. Velocity
decreases in this area indicating swirl has died out.
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Figure 7.12. Vertical velocities 2.62 meters from quarl exit.

Figure 7.15 and Figure 7.14 show the vertical velocity approximately 4 meters into the
furnace. Velocity has evened out all the way through the center of the flame at 11-12 m/s.
Velocity drops off on both sides of the flame. This is almost a mirror image of the axial velocity
profile (see Figure 7.14) measured at this location. Due to momentum in the tertiary air, there are
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strong axial velocities on the sides preventing the flow from turning upwards as quickly as
observed in the center of the flame.

Figure 7.13. Vertical velocities along horizontal line approximately 2.62 meters from quarl
exit and 15 cm above the center of the burner.

Figure 7.14. Vertical velocities along horizontal line approximately 4.02 meters from quarl
exit and 15 cm above the center of the burner.
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Figure 7.15. Vertical velocities 4.02 meters from quarl exit. Average vertical velocity
continues to increase as flame lifts.

In the center of the boiler, upwards flow has become even more balanced. Figure 7.17and
Figure 7.16 show that lift to the right of center is almost equal to the lift seen in the center of the
flame. However, vertical lift near the wall is still significantly lower. Reviewing the axial
velocities at this plane (Figure 7.9) reveals a strong axial component of velocity along this wall.
This could be due to a mal-balanced flow from the opposing burner.
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Figure 7.16. Vertical velocities along horizontal line in the center of the boiler
approximately 6.72 meters from quarl exit and 15 cm above the center of the burner.

7.1.3

LDA Conclusions

The general structure of a flame region from a swirl-stabilized, low-NOx burner was
captured in the LDA velocity results and displayed in the preceding figures. A distinct internal
recirculation zone is seen in the displays of the axial velocities at 1.22, 2.62, and 4.02 meters
from the quarl exit (Figure 7.2, Figure 7.4, and Figure 7.6). Large negative velocities (~-18 m/s
maximum) are seen in the measurements nearest the flame. These large negative velocities dilute
down moving away from the burner until they are nearly 0 m/s approximately 4 meters into the
boiler. Measurements taken at the center of the boiler, 6.7 meters from the burner, clearly show
the influence of the opposing burner with low velocities throughout the entire measurement
domain. The effect of the neighboring flame (to the right of displayed velocities) is also clearly
seen with axial velocities to the right of the quarl being higher than velocities to the left of the
quarl in each case.
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Figure 7.17. Vertical velocities 6.72 meters from quarl exit.
The swirl from the tertiary air is captured in the vertical velocity figures. The swirl is
counter-clockwise which is shown most dominantly in measurements near the burner as shown
in Figure 7.10. This swirl quickly dies out and is not seen further downstream. Also, the
influence of the recirculation air entering the bottom of the boiler and the inlets from the row of
burners directly below this burner is also captured since the average vertical velocity is positive
in each case. Flame lift is captured moving away from the burner indicated by increasing average
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vertical velocities. This phenomenon was verified with IR video taken just prior to LDA
measurements.

Thermal Flame Imaging
A water-cooled endoscope was developed by Risø personnel in the project for fast thermal
imaging of flames, see Figure 7.18. An IR-camera is less sensitive (approx. a factor 10) to
thermal radiation from soot compared with a video camera. Thermal radiation by soot dominates
in the visible region. Therefore, video or pictures of flames with a traditional digital camera
mainly show the part of flame with high temperature and soot concentration (high CO, CxHy).
Even with adjustment, colder regions of the flame (large fuel particles) are very difficult to see.
Imaging in the mid infra-red spectral region produces much better pictures or movies of fuel
particle flow in large flames than in the visible region.

Figure 7.18. Thermal Imaging of flame using IR-camera with water-cooled endoscope
optics
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A fast infrared (IR) camera (CEDIP Infrared Systems, Titanium, detector: 560M, InSb,
640x512 pixels) recorded video of the different flames. This clearly indicated biomass roping
and large variations in local biomass particle density. Roping refers to particles remaining in a
concentrated but not linear path as they enter the complex flow patterns outside the burner. This
contrasts to evenly dispersed particles. Roping leads to instantaneous local biomass particle mass
fractions that far exceed their measured average mass fractions in a highly complex and
temporally varying flow pattern. These data indicate quite clearly that biomass does not mix well
with coal or with the boiler gases and parts of the flame saw much higher concentrations of
biomass and volatile gases from biomass. The large biomass particles drift down through the
circulating tertiary air and the rising boiler gas due to their large size. Qualitative indications of
this behaviour include the common observations of large biomass particles in the boiler bottom
ash when the biomass is too large, too wet, or injected too low in the boiler.
A series of images of the coal-straw flame collected at 50 Hz are displayed in Figure 7.19.
These images were collected through port B (~2.6 m from burner exit) and quite clearly indicate
straw roping. The particles also initially drop toward the bottom of the boiler even though the
average boiler velocity is upward. The circulating hot gas is difficult to distinguish in still images
but is seen to rise in the video.
Figure 7.20 contains consecutive images of the coal-wood flame collected through port C
(~4 m from burner exit). These images also display wood roping and that the large wood
particles continued to drop completely out of the main gas flow from this burner.
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Figure 7.19. Coal-straw flame images taken through port B (~2.6 m from burner exit).
Images were taken at 50 Hz starting at top right, then top left, and ending at bottom right.
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7.2.1

Thermal Imaging Conclusions

Video from the fast IR camera showed (a) unsteady biomass flow, (b) particle roping, and
(c) separation of biomass from the main burner flow before the boiler centerline. The straw and
wood behaved similarly. This results in locally high NOx as the large biomass particles fall out
of the reducing environment early during devolatilization. If post-combustion NOx control was
not used, the plant NOx emissions would be higher due to this issue.

Figure 7.20. Coal-wood flame images taken through port C (~4 m from burner exit).
Images were taken at 50 Hz starting at top right, then top left, and ending at bottom right.
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These results demonstrate the need to carefully design and place burners for large particles.
A lip on the end of the feed line or other device could help break up clustering of particles. Also
the fuel particle size may need to be reduced. The wood for this project was pulverized off-site
and fed directly from the truck. The “pulverized” wood was disappointedly larger than expected.
A permanent onsite mill would be better tuned and produce finer wood particles.

Particle Analysis Results
This project also sampled particles throughout the LS, SS, and wood flames along the axial
line normal to the burner face approximately every 50 cm and additional samples in the planes
parallel to the burner face at each port depth. Particle sampling was time-consuming because the
filter and sample containers had to be changed between each measurement. Plugging of the
probe tip and cyclone was periodically an issue due to arrival of dense clumps of fuel at the
probe. The tight campaign schedule limited particle sampling to less than a day for each flame.
Therefore, the number of samples was much lower than that measured by LDA.
Table 7-3 lists the number of particle samples collected in each flame. High resolution
CMOS images have been taken of each sample and used as a visual means to compare relative
particle conversion histories, as shown below.

Table 7-3. Number and type of particle samples collected in each cofired flame
Sample type

SS

Wood

LS

Coal Fuel samples

6

2

1

Biomass fuel samples

4

2

1

Char samples

28

30

11
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Sieves provided particle size analyses for the wood/coal cofired samples. However, straw
particles have high aspect ratios and cannot be characterized accurately with sieves. Instead, each
sample was first separated into two size bins using a 250 µm sieve. Essentially all the coal exists
in the smaller particle size bins and sieves were used to determine particle sizes of this lower size
bin. The larger size samples were dispersed on a light board and scaled images of the particles
were taken for analysis.
Particles were then sent to Dong Energy's certified analysis laboratory at Enstedværket for
proximate, ultimate, and ash elemental analyses. The samples were first split into the large
fraction (>250 µm) and the small fraction (<250 µm) for separate analysis, as explained in
Chapter 5, this split was necessary to be able to calculate the mass fraction of biomass and coal
in each sample.
Due to small sample sizes, standard analysis procedures could not always be followed. The
standard methods were used for analysis of all the raw fuel samples including replicate
measurements made for each sample because this data can directly be used as input data in
modeling. However, where insufficient sample was collected, procedures were changed to still
gather the same information with smaller sample sizes.
Standard methods require at least 1 gram of material for each moisture, volatiles, ash, and
ash elemental composition determinations. Except for the biomass fraction of the wood flame
samples, there is generally not enough sample for these determinations. Only a dried volatile test
could be performed on the limited samples. A micro-CHN method was used instead of a full
proximate analysis. For samples that were too small to allow a total ash measurement, the ash
content has been approximated by summing up the oxide weights of the inorganic elements
measured by ICP-MS.
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7.3.1

Short Straw Particle Analysis Results

Images taken of the extracted particles give an indication of the combustion rates of
different types of particles. Appendix A contains a series of images of particles sampled mainly
in the highly concentrated straw portion of the flame as you move axially into the boiler. Figure
7.21 displays 4 of these pictures. The very thin leaf portions and thin needle like portions of the
straw burn out earliest and are almost completely burned out in the first 260 cm. However, a
large portion of the smashed stalk and straw knees are still very yellow as deep as 350 cm into
the boiler indicating these portions are still in the devolatilization stage of combustion. At a
depth of 450 cm, these have begun to darken indicating char oxidation is beginning. Most of the
stalk appears to be completely oxidized by the center of the boiler leaving only straw knees and
ash. The straw knees are still intact at this point and it appears that complete devolatilization has
not been reached. The continued devolatilization of straw knees after all other particles appear to
be burned out could cause secondary flame structures completely detached from the primary
flame structure. Further investigation of gas compositions is needed to see if a large secondary
flame structure exists.
The particle lab analyses determine the fraction of straw in the flow as a function of
position and the burnout of straw and coal particles separately. These results determine the total
burnout at each location based on the burnout of each fuel type weighted by the mass fraction of
that fuel at the sampling location.
Particle samples primarily come from 15 cm above the burner centerline (port elevation) or
below the centerline, with relatively few measurements on either side of the centerline because
of limited sampling time. The measurements at varying vertical heights indicate the degree
separation of large biomass fuel from the main burner flow.
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Figure 7.21. Series of coal-SS samples along axial line from the center of burner. SS-C is
unburnt straw from straw feeding line, 1 SS was sampled 260 cm from front wall, 20 SS is
450 cm from front wall, and sample 25 SS is 670 cm from the front wall (center of boiler).

Figure 7.22 displays the straw fraction along a horizontal line parallel to but 15 cm above
the burner centerline. Generally, the straw fraction increases along this line moving further away
from the burner. Figure 7.23 displays contours of the straw fraction in a vertical plane that
includes the burner centerline. The peak in the straw fraction drops as the coal lifts upward with
the main flow. The main flow lifts upward faster than the straw drops so the straw fraction does
increase along the centerline.
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Several samples were collected to the sides of the centerline through port C, 402 cm from
the burner exit. Figure 7.25 shows evidence of roping with the main straw flow generally
dropping through the rising flame and with straw fractions approaching 100%. The black circle
represents the size and location of the quarl exit. The straw fraction is still increasing towards the
bottom of the plot indicating that a portion of the large straw particles have dropped out of the
measurement domain.

Figure 7.22. Straw fraction at port elevation along axial distance from quarl exit
In all measurement locations at this depth, the straw fraction is higher than the firing straw
mass fraction of 60%. This indicates that most of the coal particles rise out of the measurement
domain at this boiler depth as the rising gases entrain them. The conceptual flow patterns these
measurements suggest includes substantial separation of the coal and biomass. The coal particles
rise with the gases in the near-burner region and are largely swept up by the gases by 4 meters.
The biomass particles, by contrast, fall with gravity and penetrate significantly further into the
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boiler. As discussed next, they minimally react in this region and rely on the burners below this
burner level to pyrolyze them, entrain them, and eventually oxidize their chars.

Figure 7.23. Straw fraction in the SS flame along the axial distance from the burner (xaxis) and vertical height relative to ports (y-axis) where the burner center is -15 cm below
ports and the boiler centerline is 672 cm from the burner

Figure 7.24. Coal fraction in the SS flame along the axial distance from the burner (x-axis)
and vertical height relative to ports (y-axis) where the burner center is -15 cm below ports
and the boiler centerline is 672 cm from the burner
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Figure 7.25. Straw fraction in the SS flame 402 cm from quarl exit showing straw drops
and concentrates in lower flame region. The circle represents the size and position of the
quarl exit.
Figure 7.26, Figure 7.27, and Figure 7.28 display contours of burnout of the straw, coal,
and combined fuel, respectively. The data show minimal straw conversion in the burner region
whereas coal completely pyrolyzes (burnout of about 0.6) and begins oxidizing in the same
region. Presumably the straw dries and warms but minimally reacts (pyrolyzes or oxidizes). The
straw burnout increases when moving closer to the peripheral regions of the burner jet. These are
likely small biomass particles that entrain and disperse in the gas more readily than the large
particles that make up most of the biomass. The small particles also heat, pyrolyze, and oxidize
more readily.
Coal burnout is also higher near the periphery and lower in regions of high density of straw
particles. However, coal burnout in these regions significantly exceeds biomass particle burnout
as mean coal particle diameter in these regions is much smaller than the straw. As the
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measurement region is near the burner centerline where straw particle density is high, total
burnout contours are similar to straw burnout contours.

Figure 7.26. Straw burnout in the SS flame along the axial distance from the burner (xaxis) and vertical height relative to ports (y-axis) where the burner center is -15 cm below
ports

Figure 7.27. Coal burnout in the SS flame along the axial distance from the burner (x-axis)
and vertical height relative to ports (y-axis) where the burner center is -15 cm below ports
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Figure 7.28. Total burnout in the SS flame along the axial distance from the burner (x-axis)
and vertical height relative to ports (y-axis) where the burner center is -15 cm below ports

Figure 7.29. Burnout of each fuel and total burnout in SS flame at port elevation and
different distances from quarl exit

The straw, coal, and total burnouts of each sample along the centerline are plotted in
Figure 7.29. Coal burnout continues to increase moving further from the burner into the furnace.

105

Straw burnout however increases initially and then changes very little. This, again, is consistent
with roping of the straw resulting with high particle densities and sizes along this line,
corresponding to slow heating, pyrolysis, and oxidation rates.

7.3.2

Wood Particle Sample Analysis Results

The experiments included one day of testing on a wood-coal cofired flame. An external
contractor processed wood pellets off-site and shipped them on two trucks, which included a
pneumatic feed system. The wood processing system produced a highly variable feed. The raw
wood samples included several particles with the same size as the original pellets (Figure 7.30).
Much of the roping and dropping of the wood particles in the flame is attributed to the unusually
large particle sizes. It is assumed that a plant that is regularly fired on wood could optimize their
mills including using classifiers that would ensure better pulverized fuel without a significant
energy penalty.

Figure 7.30. Wood samples from each of the two fuel trucks
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Figure 7.31 contains a series of images of particles sampled along, or up to 25 cm below,
the burner centerline. The images progress from fresh wood to samples collected deeper into the
boiler. The large wood particles remain yellowish-brown throughout, indicating devolatilization
has not significantly progressed. Only at the boiler centerline does darker char begin to appear,
but even at this point the large particles have not completed devolatilization.
Sample 16w contains a much larger fraction of coal than the other samples along the
centerline. This could indicate that the bottom portion of the main burner flow is lifting past the
burner centerline. As the coal has much smaller particle sizes, it would follow this gas flow more
closely.
An alternative, and more likely, explanation for the high coal fraction in sample 16w is due
to the unstable feeding of both coal and wood. The wood was being fed using the pneumatic feed
system on the truck and there was not a good way to continuously measure feed rate. There was
sufficient wood on each truck for 5-6 hours of feed time. The first truck was emptied in less than
4 hours and perhaps plugged periodically as both sample 15w and 14w contained mostly coal.
The plant operators indicated they had increased the primary air about that same time because it
had been too low all morning. In summary, the wood feed rate was too high and inconsistent, and
the coal feed rate had been too low. The coal feed rate was corrected but as the actual wood feed
rate was still unknown, it is not possible to definitively know the feed split between wood and
coal during the campaign. Plots showing the particle analysis results follow but may be of
limited use.
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Figure 7.31. Series of coal-wood samples along axial line from the center of burner
including from the wood feeding line (Bil 1), and depths of 262 cm (2w), 353 cm (16w), 402
cm (18w), 451 cm (19w), and 672 cm (23w)
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Figure 7.32 displays the wood fraction along a horizontal line at the port elevation and 15
cm above the burner centerline. Wood accounts for >88% of the mass in all but one of these
samples supporting the theory that wood was being fed at a much higher rate than planned as
also evidenced by the truck emptying much too fast. Figure 7.33 displays contours of the wood
fraction on a vertical plane that includes the burner centerline. Wood is seen to generally drop as
the coal lifts upward with the main flow. The main flow lifts upward faster than the wood drops
so the wood fraction does increase along the centerline. The discontinuity in the center of the
flame is likely caused by the unstable feeding of both wood and the change in primary air flow
for coal in the middle of the measurement period.

Figure 7.32. Wood fraction at port elevation along axial distance from quarl exit
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Figure 7.33. Wood fraction in the wood-coal flame along the axial distance from the burner
(x-axis) and vertical height relative to ports (y-axis) where the burner center is -15 cm
below ports

Figure 7.34. Wood burnout in the wood-coal flame along the axial distance from the burner
(x-axis) and vertical height relative to ports (y-axis) where the burner center is -15 cm
below ports

Figure 7.34, Figure 7.35, and Figure 7.36 display contours of burnout of the wood, coal,
and combined fuel, respectively. Slightly below the burner centerline where roping of the wood
was observed by IR imaging, the wood slowly dries and pyrolyzes. Wood burnout does increase
as the wood flows deeper into the boiler and upwards. Wood burnout is generally higher than the
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straw burnout, but that is likely due to the much lower ash content and much higher volatile
content of the wood.

Figure 7.35. Coal burnout in the wood-coal flame along the axial distance from the burner
(x-axis) and vertical height relative to ports (y-axis) where the burner center is -15 cm
below ports

Figure 7.36. Total burnout in the wood-coal flame along the axial distance from the burner
(x-axis) and vertical height relative to ports (y-axis) where the burner center is -15 cm
below ports

Similar to the SS flame, the coal burnout increases as the coal flows deeper into the
furnace regardless of whether it is above or below the burner centerline. Interestingly, at the
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center of the boiler, coal burnout is higher below the burner centerline than above. It is likely that
the coal in the particle sample in the lower region contains a large fraction of coal from the lower
burner rows. The residence time of coal from the lower burners is longer at this point than the
coal from burner 46 so coal burnout would expected to be higher. As the wood feed to this
burner was so high, total particle burnout is very similar to the wood burnout.

7.3.3

Particle Analysis Conclusions

The particle measurements concur with IR imaging that roping of the biomass flow
occurs. In these regions, the biomass dries and warms but minimally reacts (pyrolyzes or
oxidizes) in the boiler regions immediately in front of the burner. There appears to be minimal
mixing of biomass with coal. The peripheral regions of the burner jet contain more coal particles
with higher burnout. Coal particles have mostly pyrolyzed but have not completely burned out in
the measurement domain whereas biomass particle burnout is much lower. These first-of-a-kind
data have significant implications for biomass-coal cofiring.
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8

RESULTS AND DISCUSSION OF BIOMASS GASIFICATION

The gasification kinetics study on single biomass particles included significant
contributions from Ruochen Wu, another doctoral student within this research group. I began this
work, including rebuilding the reactor and design an installations of additional systems. I also
completed significant experimental work on the poplar particles and some on the corn stover and
switch grass particles. Results from this work includes 1st order power-law gasification kinetics
for chars of all 3 fuel types, including effects of increasing ash content on kinetics, and
determination of the effect of shape and size on reactivity.
My project involved rebuilding and modifying the experimental system to enable reliable
and repeatable gasification experimentation. These efforts included repairing and sealing the
reactor vessel to minimize air (O2) in-leakage, design, installing the H2O metering, vaporization,
and injection systems, installing new radiation shields internally to minimize radiation from the
gas-preheater in the bottom of the reactor, and designing and installating the gas extraction and
GC-MS analysis system.
My work also involved collecting gasification data that included continuous measurements
of particle mass, surface temperature, center temperature, size and shape for three fuels under
varying conditions of gas composition and temperature. My work also reduced the measurements
to a global reaction rate coefficient and power-law reaction rate equation.
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Ruochen has completed additional experiments to improve the estimation of gasification
kinetics. His experiments measured the same data as above with the addition of resolving, as a
function of burnout, particle porosity, external surface area, and internal surface area, pore size
distribution, and the corresponding effect on reactivity as reactions progress towards complete
burnout. Therefore, his work has already progressed the knowledge and models beyond my work.
We are in the process of submitting multiple papers with detail results from this collaborative
effort. This chapter contains key results from this study with focus on results from my
contributions.

Measurement Precision
The three mass loss curves displayed in Figure 8.1 were from runs on different days. These
were from poplar particles (dp = 0.5”, AR = 1) reacting in 50% CO2 at nominally 750 °C. The
poplar particles came from the same poplar wood sample, minimizing composition and physical
properties among the particles and resulting in very repeatable experiments. Figure 8.2 displays
the same data in the gasification portion of the mass loss history. The maximum difference in
mass loss between runs is 0.5%. The mass loss profile of particle 81 is the most different.
However, it had a slightly larger density than the other 2 particles, so gasification burn-out time
is expected to be longer. Particle 81 also fell off the thermocouple after approximately 75 % char
conversion, accounting for the jump to 100% mass loss at that time.
Particle center and surface temperature histories (Figure 8.3) show somewhat more
experiment-to-experiment variation but are still much more consistent than data from nearly any
other type of experiment. These data come from similar poplar particles with ½” diameters and
aspect ratios of 1. However, the reactant gas is nominally 100% nitrogen. The maximum center
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temperature difference is 50°C and the maximum surface temperature difference is 65 °C. The
surface thermocouple falls away from the particle in the first several minutes. Therefore, there is
expected to be a greater temperature variation from the surface thermocouple since it may fall
away from the particle at different times for different runs.

Figure 8.1. Sample mass loss data for equant (aspect ratio = 1) poplar particles with ½”
diameter. Reactant gas was 50% H2O with the balance being nitrogen at a gas temperature
of 750°C.

Global Char Gasification Model
The traditional external-surface-area (global kinetics) rate of a first-order reaction
frequently used to model heterogeneous reactions depends on a reaction rate coefficient and
reactant concentration as
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−𝑟𝑟 = −

1 𝑑𝑑𝑑𝑑
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𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑇𝑇𝑓𝑓

𝐴𝐴𝐴𝐴 𝑆𝑆ℎ𝜃𝜃𝑚𝑚

where 𝐴𝐴 is the external surface area, 𝜖𝜖 is an efficiency factor, 𝑚𝑚 is the mass of the char, 𝑡𝑡 is time,
𝑘𝑘 is the reaction rate constant, 𝑦𝑦𝑏𝑏 is the bulk mole fraction, 𝑦𝑦𝑠𝑠 is the surface mole fraction, 𝑝𝑝 is
the total pressure, 𝑑𝑑 is the particle diameter, 𝑅𝑅 is the gas constant, 𝑇𝑇𝑓𝑓 is the film temperature,

𝐷𝐷𝐴𝐴𝐴𝐴 is the effective diffusivity, 𝑆𝑆ℎ is Sherwood number, and 𝜃𝜃𝑚𝑚 is the mass transfer blowing

factor.

Figure 8.2. Mass loss data for 3 separate experiments showing experiment repeatability.
Reactant gas was 50% H2O with the balance of Nitrogen and gas temperature of 750 °C.

The first expression represents the rate in terms of the surface partial pressure of the
reactant and the second expression is the rate in terms of the bulk partial pressure. In the
kinetically limited regime, the diffusivity is large relative to the reaction rate coefficient so the
term in the denominator is approximately 0. The surface mole fraction is approximated by the
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bulk mole fraction so the second expression reduces to the first expression with the bulk mole
fraction replacing the surface mole fraction. This data analysis includes the effects of diffusion.
Nearly all experiments occur under kinetic influence as indicated by the observed reaction rate
generally being within 5% of the kinetically limited rate, in which the surface and bulk reactant
concentrations are the same.

Figure 8.3. Particle surface and center temperature measured by thermocouples. The
particles are sphere-like poplar particles with a ½” diameter in a reactant gas of 100%
nitrogen.

8.2.1

Surface Area Effect of Ash

Many investigators report the influence of char ash on reactivity, with many reporting a
catalytic increase in reaction rate associated with some ash components (Dupont, Nocquet, Da
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Costa Jr., & Verne-Tournon, 2011; Lahijani, Zainal, Mohamed, & Mohammadi, 2013; Nanou,
Murillo, van Swaaij, van Rossum, & Kersten, 2013). The current observations indicate no such
catalytic affect. The current observations do, however, provide very strong, perhaps definitive,
evidence of ash decreasing the reaction rate in a manner this research group has uniquely
included in theoretical models. This first-order effect, described below, depends on the amount
of ash initially in the char, the ash density, but not the ash composition. The effect becomes
increasingly prominent as char conversion proceeds and at high char conversions begins to
dominate the conversion rate.
A refractory material, such as ash, affects kinetic rates by reducing the fraction of the
surface area that is reactive. It is not reasonable that a particle reacting under kinetically
controlled rates and that contains measurable amounts of refractory material on the surface will
react at the same rate as a particle with no refractory material.
The effect of the refractory fundamentally depends on many unknown things. For example,
a few refractory particle inclusions probably affect observed kinetic and mass loss rates
differently than an equal mass of material uniformly distributed on the surface. The former is a
conceptual model of the effects of mineral inclusions such as silica deposits in biomass and the
latter of the effect of organically associated inorganics such as potassium and much of the
calcium.
One tractable approach for describing this effect involves the volume fraction of refractory
in the particle, which is generally calculable with only modest amounts of information and has a
rigorous theoretical underpinning in a generalization of the stereological principle of Delesse,
Rosiwal, Buffon (Weibel, 1979). This theory postulates a material containing two (or more)
phases randomly arranged but not necessarily intimately mixed. For such a material, randomly
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sampled lines, surfaces, and volumes of the material contain, on average, the same fraction of
any one phase as the overall volume fraction of that phase in the material. For example, 10% of a
random char particle surface should contain ash if the particle contains 10% ash by volume.
More generally, the fraction of any random surface that is occupied by one of the phases in that
material should be proportional to the volume fraction of that phase in the body.
This theory assumes that the surface and all the phases (char and ash) occur randomly in
the body. There is good reason to believe that the ash might preferentially accumulate on the
surface as the char reacts and the surface recedes, but this principle still provides a quantitative
starting point and a lower bound on the fraction of the surface occupied by ash (or any other
phase) and the effects of such a refractory material on char reactivity. It could be enhanced by an
additional factor to accommodate the effect of preferential ash accumulation on the surface. The
same description should pertain to any surface, specifically, to both the external surface area and
the total (internal) surface area. The theory depends on the volume fractions, not mass or mole
fractions. The volume fractions relate to the mass fractions as described below.
The volume fraction of component 𝑖𝑖 in a particle, 𝑓𝑓𝑖𝑖 , is given by
𝑓𝑓𝑖𝑖 =

𝑥𝑥𝑖𝑖
𝜌𝜌𝑖𝑖
𝑥𝑥𝑗𝑗
∑𝑗𝑗
𝜌𝜌𝑗𝑗

(8-2)

where 𝑥𝑥𝑖𝑖 is mass fraction and 𝜌𝜌𝑖𝑖 can be any form of density (true, apparent, etc.) so long as it is
the same for each phase. If the only components of the fuel are char and ash, represented by
subscripts 𝑐𝑐 and 𝑎𝑎, respectively, then
𝑓𝑓𝑐𝑐 =

𝑥𝑥𝑐𝑐
𝜌𝜌𝑐𝑐
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+
𝜌𝜌𝑐𝑐 𝜌𝜌𝑎𝑎

=
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𝜌𝜌𝑐𝑐
𝑎𝑎
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(8-3)

which ultimately depends on the two dimensionless parameters 𝑥𝑥𝑎𝑎 and 𝜌𝜌𝑐𝑐 /𝜌𝜌𝑎𝑎 .

As char conversion progresses, the mass fraction of a refractory component increases from

its initial value. A refractory component does not react or vaporize so it can be expressed as a
function of residual char fraction
𝑥𝑥𝑎𝑎 = 𝑥𝑥𝑎𝑎0

𝑚𝑚0

(8-4)

𝑚𝑚

The ratio of initial particle mass to current mass can be expressed in terms of the
normalized dry, ash-free mass ratio:
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑 = 𝑚𝑚(1 − 𝑥𝑥𝑎𝑎 ) ⇒ 𝑚𝑚 =
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
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Then the ash fraction becomes
𝑥𝑥𝑎𝑎 = 𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
𝑚𝑚0
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Perhaps most conveniently, in terms of relative dry, ash-free (daf) mass loss or burnout,
𝑔𝑔 = 1 −

𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑
0
𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑

𝑓𝑓𝑐𝑐 =

, the fraction of the surface that is char and is capable of reacting is:
1

(8-8)
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𝜌𝜌𝑐𝑐
𝑎𝑎
1−
(𝑔𝑔−1)�1−𝑥𝑥0
𝑎𝑎 �𝜌𝜌𝑎𝑎

which depends on two approximately constant dimensionless numbers, 𝑥𝑥𝑎𝑎0 and 𝜌𝜌𝑐𝑐 /𝜌𝜌𝑎𝑎 and a

third transient dimensionless number, the char burnout, 𝑔𝑔.

As mentioned earlier, this correction presumes randomly arranged ash and char with no

preferential ash accumulation on the surface. Adjustments for preferential accumulation of ash
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on the surface depend on resistance of the ash layer to gas diffusion, the amount of preferential
accumulation, and other parameters. However, the assumption of randomly distributed ash
quantitatively explains the ash-surface area effect for all data collected in these experiments.
Preferential ash accumulation seems conceptually logical, but in these cases, it appears that
either the ash does not accumulate over the carbonaceous ash surface or it does not present any
significant barrier to reactant access to the underlying carbonaceous material. However, it does
represent an increasing fraction of the total surface area that is inert. Since ash densities exceed
char densities by a large fraction,

𝜌𝜌𝑐𝑐

𝜌𝜌𝑎𝑎

is a small number and the fraction of the surface occupied

by the ash is small compared to the ash mass fraction. This ash effect only becomes evident near
complete char burnout, as the ash fraction becomes very large.
The char gasification kinetic rate equation can be corrected with this expression for
available char surface area. In the simple case of a first-order reaction, this is
−𝑟𝑟 = 𝑓𝑓𝑐𝑐 𝜖𝜖𝜖𝜖𝑦𝑦𝑠𝑠 𝑝𝑝 =

𝑓𝑓𝑐𝑐 𝜖𝜖𝜖𝜖𝑦𝑦𝑏𝑏 𝑝𝑝

1+𝒟𝒟

(8-9)

𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑇𝑇𝑓𝑓

𝐴𝐴𝐴𝐴 𝑆𝑆ℎ𝜃𝜃𝑚𝑚

Comparison of Model to Experimental Results
The predictions in Figure 8.4, Figure 8.5, and Figure 8.6 that best match the experimental
data include the correction for the increase of ash fraction on the surface with no further
modification to the reaction rate expressions. These corrections quantitatively capture the
observed effects as a function of both initial ash content and of burnout. This correction allows
the same set of kinetic parameters to describe the reaction rates of all three fuels. No alternative
explanation for the burnout-dependent observed rate of reaction or the differences in the rates
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with respect to ash content appears likely to describe these data. This effect of ash appears to be
fundamental to char conversion.

Figure 8.4. Illustration of the ash effect on predicted mass loss and reaction rate for 3/8”
poplar fuel reacting in 50% CO2, 0% H2O and balance N2 at 1250 °Ϲ.
The results in these three plots of different fuels illustrate an important aspect of the ash
fraction correction. This correction depends strongly on the initial ash content. The correction for
a low-ash fuel, such as poplar (𝑥𝑥𝑎𝑎0 = 0.0055), is small until near complete burnout. Due to very
little ash, it is not until near complete burnout that the ash volume content will be on the same
order as the char volume content and therefore block a significant fraction of the surface.
Alternatively, for a high-ash fuel such as corn stover (𝑥𝑥𝑎𝑎0 = 0.2), by the end of devolatilization
the ash volume content is already on the same order as the char content and will therefore

immediately limit the effective char surface area. Figure 8.7 illustrates the importance of both the
initial ash content and burnout on the magnitude of the ash correction (departure from unity).
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Figure 8.5. Illustration of the ash effect on predicted mass loss and reaction rate for 3/8”
switchgrass fuel reacting in 50% CO2, 0% H2O and balance N2 at 1250 °Ϲ.

Figure 8.6. Illustration of the ash effect on predicted mass loss and reaction rate for 3/8”
corn stover fuel reacting in 50% CO2, 0% H2O and balance N2 at 1250 °Ϲ.
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Figure 8.7. Illustration of the impact of the ash on available surface area as a function of
initial ash content and char burnout
Three types of biomass – poplar wood (ligneous), corn stover (herbaceous agricultural
residue) and switchgrass (herbaceous energy crop) – were processed in this investigation. The
particle sizes and reactor conditions included in the test matrix are reported in Table 8-1. The
steam and CO2 contents ranged as indicated both individually and over smaller ranges (up to
50:50) jointly. The particle temperatures generally are about 200 °C cooler than the gas
temperature due to the endothermic gasification reactions and radiation losses to the relatively
cool reactor walls.
Based on the experimental data, poplar (𝑥𝑥𝑎𝑎0 = 0.0055) appeared to react the quickest,

followed by switchgrass (𝑥𝑥𝑎𝑎0 = 0.0415), and corn stover (𝑥𝑥𝑎𝑎0 = 0.2) appeared to react slowest.

However, after correcting for the ash effect, the global char reactivities were essentially identical
for all three fuels. The pre-exponential factor and activation energy for the char gasification rate
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constant based on global first-order, power-law kinetics were regressed for each run. The
average kinetic parameters appear in Table 8-2.

Table 8-1. Range of particle type and size and reactor conditions included in this
investigation
fuel material

poplar, corn stover, switchgrass

particle initial size

¼ inch, ⅜inch, ½ inch

reactor temperature range

1150°C-1350 °C

gas composition

0-90% CO2, 0-70% H2O, 0-50% mixed CO2 and H2O

This result is significant because there is substantial literature, particularly for
coal chars but also for biomass chars, that suggests that char reactivities change due to char
annealing or some other effect near the end of burnout (Jenkins, Nandi, & Walker, Jr, 1973;
Senneca & Salatino, 2002; Senneca, et al., 2018; Shim & Hurt, 2000). Hurt et al. (Hurt, Sun, &
Lunden, 1998) acknowledged the proposed mechanisms from others for loss of char reactivity to
the loss of carbon sites by thermal treatment, loss of surface area, and loss of inorganic catalytic
activity, while also including the effect of ash accumulation on the surface as the particle burned
out blocking access to the char. To better explore the distinct behavior of char burnout process,
especially in the full range of the heterogeneous reaction, Hurt and Davis undertook
measurements on the char reactivity near extinction and final burnout. They concluded that the
reaction could be divided into two stages: a) a rapid process consuming approximately 80% of
the total char mass, and b) a slow process consuming the remainder of the char carbon. The
authors postulated that intrinsic char reactivity decreases as char burnout increases (Hurt &
Davis, 1994; Davis, Hurt, Yang, & Headley, 1994).
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Table 8-2. Regressed kinetic parameters for all three biomass chars included in this study
Reactant gas

A(g/Pa m2 s)

E/R (K)

CO2

0.0025

5179

H2O

0.008

6200

However the results of most studies on thermal annealing are based on experimentation
on the order of seconds to minutes. These experiments maintain char particles at high
temperatures on the order of hours and reach near 100% burnout. Neither the combustion results
(Lu, 2006) nor these gasification results suggest there is an inherent change in reactivity with
burnout. However, the ash effect becomes more prominent near the end of burnout and would be
substantial for nearly all coals and all but the cleanest biomass fuels near the end of burnout.
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9

SUMMARY AND CONCLUSIONS

This research included first-of-their-kind field measurements of flame structure and
particle properties in front of a full-scale burner fired with biomass and coal and first-of-theirkind single particle continuous measurements of particle mass, surface and internal temperature,
size, and shape, during biomass pyrolysis and gasification. The conclusions from these two
experimental investigations appear separately below.

Field Measurements
The field measurements include both gas- and particle-phase results in the swirling,
reacting, particle-laden, flows emanating from a commercial burner in a utility boiler firing both
biomass and coal.

9.1.1

Gas-phase Results

The gas-phase velocity measurements verified the existence of a swirling jet, with swirl
decaying as the jet proceeded toward the boiler centerline. The jet initially flowed horizontally
into a boiler with a predominantly vertical velocity field. The vertical velocity field lifted and
turned the jet as its horizontal velocity decayed. Eventually, the jet direction turned primarily up
as it interacted with the boiler walls, the neighboring jet, and a slightly lower flowrate jet
entering the boiler from the opposite wall in the opposite direction. The velocity magnitude
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decreased in general as the jet decayed, with an internal recirculation zone indicated near the
burner by reverse flow regions.
The peak velocity fluctuations rapidly decrease as the jet progresses from its inlet to the
boiler centerline. This decrease in fluctuations reflects decreases in gas-phase mixing, with gases
eventually reaching a modest fluctuation that results in modest mixing with the flows from other
jets.
These gas-phase flow measurements add to the few sets of similar measurements on a
utility-scale boiler. They quantify expected qualitative behavior and show the complexity of the
flows near burners in such boilers. However, the characteristics of this work that are most
distinguishing are the particle measurements, as described next.

9.1.2

Particle-phase Results

The particle measurements indicate the fraction of biomass in the flow as a function of
position and the burnout of biomass and coal particles separately. A novel sampling and analysis
technique make these measurements possible, and the discussion in this document shows this
analysis is not possible without some way of directly estimating the biomass or coal mass
fractions or their individual burnout. The sampling technique here uses particle size to
distinguish biomass from coal.
The particle measurements show that the biomass dries and warms but minimally reacts
(pyrolyzes or oxidizes) in the boiler regions immediately in front of the burner. The particles
penetrate the boiler with apparent relative disregard of the gas-phase velocities. There also
appears to be minimal mixing of biomass with coal, with likely roping effects in the biomass
stream. The peripheral regions of the burner jet contain more coal particles with higher burnout.
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These particles appear to follow the gas stream lines closer than do the biomass particles. Coal
particles have mostly pyrolyzed but have not completely burned out in the measurement regions
whereas biomass particle daf burnout is much lower. The biomass and coal particles do not
follow similar trajectories in the boiler, with the biomass particles less influenced by either the
upward velocity or the opposing jet than the coal particles. These first-of-a-kind data have
significant implications for biomass-coal cofiring.
Most cofired utility power plants place the biomass in a subset of the burners, typically
located closer to the top burner row than the bottom and away from either wall. Probe access
realities required that the biomass-fired burner investigated here be relocated to a position near a
wall and above other burners. Utility-scale biomass-coal cofiring operations commonly limit the
total biomass fractions to 5-15% of the coal. However, the local biomass concentration can be
much higher because the biomass enters through a small subset of the burners. This locally high
biomass fraction has the potential to expose the boiler to high biomass fractions since the mixing
rates of particles are modest once they enter the boiler.
These data show that biomass particles do not follow gas stream lines to the same extent
that coal particles do. It is not clear from the data that the biomass necessarily mixes better in the
boiler than does the coal, but it does follow a different trajectory on average. This is consistent
with the larger sizes, slower heating and reaction rates, and higher momentum of biomass
particles. This leads to at least the possibility that striated flows with high biomass contents may
be less likely than might otherwise happen.
The elemental release rates from biomass particles are small in the immediate burner
regions. This, no doubt, follows from the low overall conversion along the burner centerline,
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which in turn follows from the biomass not tracking the gas flow and passing through the burner
reverse flow region without appreciable slowing and reacting as do the coal particles.

Single Particle Measurements
The single particle measurements provide among the most highly resolved and repeatable
biomass gasification results reported to date. The data include wood, switchgrass and corn stover
results, the latter two being pelletized. The wood data shows minimal particle-particle variation,
primarily because the material is not pelletized, is homogeneous, and could be prepared in highly
similar samples. The pelletized fuels show more particle-particle variation. The data suggest this
variation stems from inherent differences in the pellet properties and not experimental variation.
All three samples show greater gasification reactivity to H2O than to CO2. The experiments
include results in both reactants individually and combined. There are no measurable synergistic
or competitive effects with these reactants in that the particles with the combined gas reactants
proceeded through char conversion at the rate that is predicted based on the pure reactant data.
One of the most important findings of this work is the experimental confirmation of
previous modeling work in this research group associated with biomass ash. As the char particles
gasify, their ash fractions increase since the ash is mostly inert and refractory. The increasing
fraction of refractory and inert inorganic material occupies an increasingly larger fraction of the
surface area as the organic material burns away. This leads to decreasing reaction rates on both
an intrinsic and an external surface area basis. This decrease in observed rates becomes
increasingly apparent as char burnout approaches unity. The decrease also increases with
increasing initial ash fraction.
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The analyses in this work shows that this decrease in burnout quantitatively corresponds to
the change in the predicted fraction of the surface that is ash and does not reflect any change in
organic reactivity. In other words, the inherent char reactivity does not noticeably change as the
particle approaches 100% burnout. The decrease in overall reactivity can be completely
explained by the increase in the fraction of exposed surface area occupied by inert ash.
The kinetic rate constants from the biomass particle work describe biomass gasification
over a broad range of gas compositions and temperatures and for a broad range of fuel types,
particles sizes, and particle shapes, and char conversion. Reaction rate parameters suitable for
relatively simple power-law models based on external surface area describe all the data
reasonably well. These may be the first gasification data that provide essentially continuous
measurements of the most critical particle data (mass, internal and external temperature, size, and
shape), a feature of the data that was essential to distinguish some of the data features from
particle-particle sample variations.

Contributions of this Work
A vast amount of literature has focused on the reactivity of many different coal and
biomass fuels. The literature includes kinetics studies in varying levels and type of oxidants, at
varying temperatures and heating rates. Significant research has focused on the effect of cofiring
biomass with coal. Most of these studies have focused on burnout and effect on deposition,
slagging, corrosion, and gas pollutants. A limited number of studies have focused on effects in
the near-burner, flame region in a full-scale unit, but have been limited primarily to flame
structure, temperature or gas composition. This research includes first-of-their-kind field
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measurements of flame structure, temperature, composition, and particle properties as a complete
dataset in front of a full-scale burner fired with biomass and coal.
The literature also contains many studies into the gasification reactivity of biomass,
including the effect of ash on char reactivity. Unfortunately, there is not good agreement in the
literature. This work contains, perhaps, the first gasification data that provide continuous
measurements of the most critical particle data (mass, internal and external temperature, size, and
shape) during pyrolysis and gasification producing the most detailed data available for evaluating
biomass gasification kinetics.
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APPENDIX A.

PARTICLE SAMPLE IMAGES

Images taken of the extracted particles give an indication of the combustion rates of different
types of particles. Figure A.1 - Figure A.11 are a series of images of particles sampled mainly in
the highly concentrated straw portion of the short straw/coal flame. The images progress from
fresh straw to samples collected deeper axially into the boiler. The very thin leaf portions and
thin needle like portions of the straw burn out earliest and are almost completely burned out in
the first 260 cm. However, a large portion of the smashed stalk and straw knees are still yellow
as far as 350 cm into the boiler indicating these portions are still in the devolatilization stage of
combustion. Most of the stalk appears to be completely oxidized by the center of the boiler
leaving only straw knees and ash. The straw knees are still intact at this point and some still may
be devolatilizing. The continued devolatilization of straw knees after all other particles appear to
be burned out could cause secondary flame structures completely detached from the primary
flame structure. Further investigation of gas compositions is needed to see if a large secondary
flame structure exists.
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Figure A.1. Short straw pulled from the straw feed line

Figure A.2. 75 cm from burner exit
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Figure A.3. 210 cm from burner exit

Figure A.4. 260 cm from burner exit

140

Figure A.5. 295 cm from burner exit

Figure A.6. 350 cm from burner exit
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Figure A.7. 400 cm from burner exit

Figure A.8. 450 cm from burner exit
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Figure A.9. 500 cm from burner exit

Figure A.10. 620 cm from burner exit
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Figure A.11. 670 cm from burner exit(center of boiler)
Figure A.12 - Figure A.22 are a series of images of particles sampled mainly in the highly
concentrated wood portion of the wood/coal flame. The images progress from fresh wood to
samples collected deeper axially into the boiler. The wood pellets were pulverized offsite by an
external contractor and shipped to the plant. As seen in Figure A.12 and Figure A.13, the wood
was not well-pulverized with several particles still maintaining the same diameter as the wood
pellets. The large wood particles penetrated to the boiler centerline without completing
devolatilization as they were not yet black in Figure A.22.
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Figure A.12. Raw wood pulled from the wood feed line

Figure A.13. Raw wood from 2nd truck pulled from the wood feed line
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Figure A.14. Wood-coal sample 168 cm from burner exit

Figure A.15. Wood-coal sample 213 cm from burner exit
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Figure A.16. Wood-coal sample 262 cm from burner exit

Figure A.17. Wood-coal sample 335 cm from burner exit
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Figure A.18. Wood-coal sample 353 cm from burner exit

Figure A.19. Wood-coal sample 402 cm from burner exit
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Figure A.20. Wood-coal sample 451 cm from burner exit

Figure A.21. Wood-coal sample 609 cm from burner exit
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Figure A.22. Wood-coal sample 672 cm from burner exit(boiler centerline)
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APPENDIX B

FLAME IMAGES

A fast infrared (IR) camera (CEDIP Infrared Systems, Titanium, detector: 560M, InSb,
640x512 pixels) was used to record video of the different flames. The following are sequential
images of the straw-coal flame collected at 50 Hz. These images were collected ~2.6 m from the
burner exit. Straw roping and separation of the straw from the upward lift of the flame is
observed in these images. Roping is evidenced in that clumps of particles or regions of high
particle loading are seen in the images. These clumps of particles can be followed from image to
image (left to right, downward). The clumps of particles move through the viewing region from
right to left. Some begin to break apart and disperse while others remain as a highly dense
particle loaded clump.
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